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Genes  in  FRA16D  and  FRA7G  Mutated  in  Prostate  Cancer 


Introduction 

Chromosomal  fragile  sites  are  regions  that  show  non-random  breakage  when  cells  are  exposed  to 
specific  chemical  conditions.  Common  fragile  sites  are  present  in  all  individuals  and  the  majority  of 
them  are  inducible  by  the  DNA  polymerase  inhibitor  aphidicolin.  FRA16D  (16q23.2)  and  FRA7G 
(7q31.2)  are  two  aphidicolin-inducible  fragile  sites  derived  from  chromosomal  regions  frequently 
deleted  during  the  development  of  prostate  cancer.  Common  fragile  sites  appear  to  be  frequently 
involved  in  chromosomal  rearrangements  (including  deletions,  translocations,  and  amplification)  during 
cancer  development.  The  overall  goal  of  this  project  was  to  determine  the  role  that  these  two  fragile  site 
regions  and  the  genes  contained  within  them  play  in  the  development  of  prostate  cancer.  The  first 
specific  aim  of  this  project  was  to  physically  characterize  these  two  regions  to  determine  the  precise  size 
and  structure  of  each  fragile  site  region.  The  second  specific  aim  was  to  isolate  genes  from  within  these 
chromosomal  regions  and  then  to  determine  if  these  genes  were  mutational  targets  in  prostate  cancer. 
The  final  specific  aim  was  to  test  whether  or  not  these  genes  are  sensors  of  genomic  damage.  Through 
this  work  we  hoped  to  determine  whether  the  common  fragile  sites  play  an  active  role  in  prostate  cancer 
development. 


Task  1:  To  construct  high  resolution  physical  maps  of  the  FRA16D  and  FRA7G  fragile  site  regions  and 
isolate  contigs  of  overlapping  cosmids  for  several  hundred  kilobases  surrounding  these  two  common 
fragile  sites.  We  proposed  to  construct  pulsed  field  gel  maps  of  YAC  clones  covering  these  two  regions. 
We  also  proposed  to  use  FISH  analysis  to  determine  the  size  of  structure  of  each  of  these  fragile  sites. 
Finally,  we  proposed  to  construct  cosmid  contigs  spanning  these  two  chromosomal  regions. 

Task  2:  To  isolate  genes  from  the  fragile  site  regions  and  test  them  for  mutations  in  primary  prostate 
cancer.  We  proposed  to  scan  for  homozygous  deletions  in  purified  prostate  tumor  tissue.  We  also 
proposed  to  isolate  genes  from  within  these  two  regions  and  to  test  these  genes  for  mutations  in  prostate 
cancer  cell  lines  and  in  primary  tumors. 

Task  3:  To  determine  if  the  genes  from  the  fragile  site  regions  are  tumor  suppressors,  “sensors”  or 
merely  passengers  to  the  genomic  instability  within  the  common  fragile  site  regions.  To  answer  this 
question,  we  proposed  to  examine  whether  there  were  tumor  suppressor  genes  in  these  common  fragile 
sites  regions.  Genes  within  the  regions  would  also  be  tested  to  determine  if  they  could  function  as 
sensors  of  genomic  damage. 
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Task#l 


Characterization  of  FRA7G 

To  construct  high  resolution  physical  maps  of  the  FRA16D  and  FRA7G  fragile  site  regions  and  isolate 
contigs  of  overlapping  cosmids  for  several  hundred  kilobases  surrounding  these  two  common  fragile 
sites.  We  proposed  to  construct  pulsed  field  gel  maps  of  YAC  clones  covering  these  two  regions.  We 
also  proposed  to  use  FISH  analysis  to  determine  the  size  of  structure  of  each  of  these  fragile  sites. 
Finally,  we  proposed  to  construct  cosmid  contigs  spanning  these  two  chromosomal  regions. 

We  first  isolated  three  yeast  artificial  chromosome  (YAC)  clones  that  hybridized  across  the  FRA7G 
region  in  aphidicolin-induced  cells  from  a  chromosome  7-only  somatic  cell  hybrid.  These  three  YAC 
clones  contained  the  marker  D7S522,  the  most  frequently  deleted  marker  from  this  region  in  breast, 
prostate,  and  ovarian  cancers.  All  this  work  is  summarized  in  our  1998  Genes,  Chromosomes  and 
Cancer  paper  (Appendix  Manuscript  #1:  Huang  et  al.  Fish  mapping  of  YAC  clones  at  human 
chromosomal  band  7q31.2.  Genes  Chromosom  Cancer  1998;  21:152-159).  We  then  went  on  to  identify 
three  PI  artificial  chromosomes  (PACs)  and  one  bacterial  artificial  chromosome  (BAC)  which  covered  a 
300  Kb  region  around  FRA7G.  We  performed  a  FISH-based  analysis  with  these  four  clones  to 
determine  how  frequently  each  clone  hybridized  proximal,  distal,  or  crossing  to  the  region  of 
aphidicolin-induced  decondensation/breakage  in  the  FRA7G  region.  The  results  of  this  analysis  are 
summarized  below. 


Clones 

N 

%Prox 

%Crossing 

%Dist 

%Prox- 

%Dist 

v203B 

20 

10 

10 

80 

-70 

RG30H15 

22 

9.1 

27.3 

63.6 

-54.5 

v203C 

31 

25.8 

32.3 

41.9 

-16.1 

vl93A 

41 

63.4 

22 

14.6 

48.8 

Note:  N,  the  number  scored  of  metaphase  spreads  with  FRA7G  expression.  The  %Prox, 
%Dist,  and  %Crossing  refer  to  the  percentage  of  the  time  that  FISH  signals  were  seen 
proximal,  distal,  or  across  the  breaks  of  FRA7G  in  different  cells,  respectively. 


Since  one  of  the  goals  for  this  Specific  Aim  was  to  construct  a  high-resolution  physical  map  for  the  two 
common  fragile  site  regions,  we  used  the  three  PAC  clones  and  one  BAC  clone  spanning  FRA7G  to 
construct  a  precise  restriction  map  for  this  region.  We  used  pulsed  field  gel  analysis  to  construct  these 
high-resolution  maps.  Subsequent  to  this  analysis  we  found  that  the  BAC  clone  from  this  region  was 
completely  sequenced  in  early  1999,  and  this  enabled  us  to  verify  that  our  restriction  map  was  indeed 
correct.  In  addition,  right  in  the  middle  of  the  sequenced  BAC  clone  was  a  human  endogenous  retroviral 
sequence  (HERV-H).  This  provides  further  support  that  the  fragile  sites  might  be  hot-spots  for  viral 
integrations.  A  complete  map  of  the  FRA7G  region  is  shown  in  the  figure  on  the  following  page. 
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One  of  our  stated  goals  was  to  construct  a  contig  of  overlapping  cosmids  from  this  region.  Since  we 
already  had  the  slightly  larger  PAC  and  BAC  clones  and  the  high-resolution  restriction  map  based  upon 
these  clones,  we  decided  that  it  was  not  necessary  to  construct  a  cosmid  contig  across  the  exact  same 
region.  All  of  the  work  on  the  PAC  clones  and  the  single  BAC  clone  were  published  in  Oncogene,  also 
in  1998  (Appendix  Manuscript  #2:  Huang  et  al.  FRA7G  extends  over  a  broad  region:  coincidence  of 
HERV-H  and  spcDNA  and  fragile  sites.  Oncogene  1998;  16:231 1-9). 


Characterization  of  FRA16D 

The  second  common  fragile  site  that  we  proposed  to  analyze  was  FRA16D  (16q23.2).  This  fragile  site  is 
derived  from  a  chromosomal  region  frequently  deleted  in  prostate  cancer  (and  also  in  breast  and  ovarian 
cancers  and  hepatocellular  carcinomas).  Chromosomal  band  16q23.2  is  also  the  site  of  a  reciprocal 
translocation  between  chromosomes  14  and  16  that  is  observed  in  up  to  25%  of  multiple  myelomas. 
When  we  submitted  our  proposal  to  the  Department  of  Defense,  we  had  a  single  YAC  clone  which  was 
identified  by  our  collaborator,  Dr.  Thomas  Glover.  However,  a  more  detailed  analysis  of  this  YAC  clone 
revealed  that  it  was  chimeric,  containing  pieces  from  at  least  three  different  chromosomes  (including  a 
small  amount  from  chromosome  16q23.2).  In  addition,  there  were  no  known  markers  that  mapped  to  this 
YAC  clone.  Rather  than  work  on  this  YAC,  we  scanned  the  available  databases  and  chose  markers  from 
chromosomal  band  16q23.2  which  were  integrated  into  both  the  physical  and  genetic  maps  for  this 
region. 

We  initiated  the  construction  of  a  contig  of  BAC  clones  from  this  region  by  taking  the  available  markers 
from  this  region  and  isolating  large  insert  BAC  clones  that  spanned  these  markers.  This  was  done  by 
screening  the  Research  Genetics  BAC  pools  to  identify  the  BAC  clones.  The  advantage  of  this  strategy 
is  that  these  BAC  clones  are  also  the  reagents  being  sequenced  by  the  Human  Genome  Project,  and  thus 
over  time  we  would  have  a  contig  of  BACs  with  more  of  them  being  completely  sequenced.  We  very 
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quickly  identified  clones  that  hybridized  proximal  to  the  region  of  aphidicolin-induced  decondensation/ 
breakage  in  some  metaphases  and  distal  in  others.  Depending  upon  the  ratio  of  hybridization  signals 
detected  proximal  to  those  detected  distal,  we  could  also  determine  approximately  where  within  the 
FRA16D  region  each  BAC  clone  resided.  However,  it  soon  became  abundantly  clear  that  the  region  of 
aphidicolin-induced  decondensation/breakage  in  this  region  was  very  large.  Our  efforts  to  thus  construct 
a  contig  of  overlapping  BACs  which  encompassed  the  entire  FRA16D  region  took  considerably  longer 
than  originally  anticipated.  We  had  a  team  of  three  researchers  working  on  this  project  for  almost  two 
years.  Our  goal  was  to  identify  BAC  clones  which  always  hybridized  proximal  to  the  region  of 
aphidicolin-induced  decondensation/breakage  (out  of  a  minimum  of  20  metaphases  with  clear 
discernible  FISH  hybridization  signals)  and  then  to  have  a  complete  contig  (without  gaps)  of  BACs  until 
we  had  identified  a  BAC  that  always  hybridized  distal  to  the  region  of  breakage.  We  found  that  the  full 
size  of  the  FRA16D  region  was  actually  1.5  megabases  in  size,  making  this  the  largest  common  fragile 
site  characterized  to  date.  While  we  were  constructing  the  complete  BAC  contig,  we  also  found  that  four 
of  four  cloned  multiple  myeloma  breakpoints  with  breakpoints  within  chromosomal  band  16q23.2 
mapped  within  the  FRA16D  region.  Thus,  instability  in  the  FRA16D  region  also  played  a  role  in  the 
development  of  the  consistent  chromosomal  translocation  observed  in  up  to  25%  of  multiple  myelomas. 
We  also  found  that  the  markers  which  showed  the  most  consistent  loss  in  solid  tumors  (including 
prostate,  breast,  and  ovarian  cancers  and  hepatocellular  carcinomas)  were  also  derived  from  within  the 
FRA16D  region.  The  following  figure  shows  the  complete  BAC  contig  constructed  across  this  region. 
Also  included  on  this  figure  are  the  positions  of  the  four  multiple  myeloma  translocation  breakpoints 
and  several  of  the  markers  which  show  consistent  loss  in  multiple  solid  tumors. 
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When  we  submitted  this  work  for  publication,  we  found  that  several  other  groups  were  also  working  on 
the  physical  characterization  of  this  very  interesting  region;  including  the  groups  of  Dr.  Rob  Richards 
(Adelaide,  Australia)  and  Dr.  Vivien  Watson  (now  at  University  of  California,  San  Francisco).  These 
two  groups  published  results  which  were  very  similar  to  ours.  However,  their  characterization  of  the 
FRA16D  region  led  them  to  believe  that  the  size  of  this  common  fragile  site  was  considerably  smaller 
than  our  determination.  Our  paper  on  the  characterization  of  this  interesting  region  was  recently 
published  in  Genomics  (Appendix  Manuscript  #3:  Krummel  et  al.  The  characterization  of  the  common 
fragile  site  FRA16D  &  its  involvement  in  multiple  myeloma  translocations.  Genomics  2000;  69:37-46). 

The  sequencing  of  the  human  genome  has  now  resulted  in  a  preliminary  draft  sequence  containing  90% 
of  the  sequence.  Many  of  the  BAC  clones  from  our  1 .5  megabase  BAC  contig  have  been  completely 
sequenced.  As  a  result  it  is  no  longer  necessary  to  construct  high  resolution  pulsed  field  gel  maps  of  any 
chromosomal  region,  so  we  did  not  bother  to  characterize  this  region  with  pulsed  field  gel  analysis.  As  a 
result  of  the  draft  sequence,  it  is  now  possible  to  more  accurately  examine  the  entire  region  in  search  of 
important  landmarks  (including  genes,  repetitive  sequences,  etc.).  This  analysis  revealed  that  the 
FRA16D  region  does  not  contain  any  obvious  sequences  responsible  for  instability  within  this  region, 
nor  does  it  contain  simple  repetitive  sequences  (as  has  been  observed  at  the  cloned  rare  fragile  sites). 


Task  #2 

To  isolate  genes  from  the  fragile  site  regions  and  test  them  for  mutations  in  primary  prostate  cancer.  We 
proposed  to  scan  for  homozygous  deletions  in  purified  prostate  tumor  tissue.  We  also  proposed  to  isolate 
genes  from  within  these  two  regions  and  to  test  these  genes  for  mutations  in  prostate  cancer  cell  lines 
and  in  primary  tumors. 

Genes  in  FRA7G 

The  analysis  of  the  region  of  aphidicolin-induced  breakage/decondensation  in  FRA7G  revealed  that  this 
common  fragile  site  was  approximately  300  Kb  in  size.  Telomeric  of  this  region  was  the  c-met  proto¬ 
oncogene.  We  analyzed  this  gene  for  mutations  in  primary  prostate  tumors  using  denaturing  high 
performance  liquid  chromatography  (DHPLC).  We  did  not  detect  any  mutations  in  c-met  in  any  of  the 
prostate  tumors  examined.  We  also  examined  primary  breast  and  ovarian  tumors  but  did  not  observe 
mutations  in  any  of  these  samples.  We  did  detect  some  simple  sequence  polymorphisms  but  no  apparent 
disease-associated  mutations.  Our  work  was  summarized  in  a  paper  published  in  1998  (Appendix 
Manuscript  #4:  Jenkins  et  al.  A  molecular  cytogenetic  analysis  of  7q31  in  prostate  cancer.  Cancer  Res. 
1998;58:759-766). 

We  collaborated  with  the  group  of  Dr.  Robert  Jenkins  and  performed  a  molecular  cytogenetic  analysis  of 
7q31  in  prostate  cancer.  We  studied  25  prostate  specimens  using  fluorescence  in  situ  hybridization 
(FISH)  with  DNA  probes  for  the  chromosome  7  centromere  and  5  loci  mapped  to  7q31  (D7S523, 
D7S486,  D7S522,  D7S480  and  D7S490).  Six  tumors  had  no  apparent  anomaly  for  any  chromosome  7 
probe.  Nine  tumors  showed  an  apparent  simple  gain  of  an  entire  chromosome  7,  whereas  one  tumor  had 
an  apparent  simple  loss  of  a  whole  chromosome  7.  Four  tumors  had  gain  of  the  chromosome  7 
centromere  and  additional  overrepresentation  of  the  7q  arm.  One  tumor  had  overrepresentation  of  7q31 
without  any  apparent  anomaly  of  the  chromosome  7  centromere,  and  one  tumor  had  apparent  loss  of  the 
chromosome  7  centromere  with  no  apparent  anomaly  of  the  7q  arm.  Three  tumors  had  gain  of  the 
chromosome  7  centromere  and  loss  of  the  7q3 1  region.  Gain  of  7q3 1  was  strongly  correlated  with  tumor 
Gleason  score.  Our  data  indicate  that  the  7q-arm,  particularly  the  7q3 1  region,  was  genetically  unstable 
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in  prostate  cancer,  and  some  of  the  gene  dosage  differences  observed  may  be  due  to  fragility  at  FRA7G. 
All  this  work  was  summarized  in  our  paper  that  also  described  searching  prostate  tumors  for  c-met 
alterations  (Appendix  Manuscript  #4:  Jenkins  et  al.  A  molecular  cytogenetic  analysis  of  7q31  in  prostate 
cancer.  Cancer  Res.  1998;  58:759-766). 

In  collaboration  with  Dr.  Jenkins’  group,  we  also  analyzed  primary  prostate  tumors  to  determine  if  we 
could  detect  any  homozygous  deletions  in  the  FRA7G  region.  We  constructed  PCR  primers  at  a  20  Kb 
spacing  throughout  the  entire  FRA7G  region  but  were  not  able  to  identify  any  tumors  with  homozygous 
deletions. 

There  were  two  small  genes  that  were  localized  in  the  FRA7G  region  by  the  group  of  Dr.  Michael 
Lisanti.  These  genes  are  caveolin-1  and  caveolin-2.  These  genes  have  been  claimed  to  be  tumor 
suppressors  and  Dr.  Lisanti’ s  group  observed  that  the  re-introduction  of  caveolin-1  into  tumors  lacking  it 
resulted  in  growth  inhibition.  We  performed  an  extensive  DHPLC  analysis  of  both  these  genes  in  our 
resource  of  prostate  tumors  (and  in  breast  and  ovarian  tumors)  but  did  not  detect  any  mutations  in  these 
genes.  Thus,  these  genes  may  play  an  important  role  in  tumor  development,  but  they  are  not  Type  1 
tumor  suppressor  genes. 

Recently,  the  group  of  Dr.  Carlo  Croce  described  a  new  gene  that  mapped  in  the  FRA7G  region.  This 
gene  is  called  TESTIN  and  Dr.  Croce’s  group  described  alterations  in  this  gene  and  changes  in  TESTIN 
expression  in  cell  lines  derived  from  leukemias  and  lymphomas  and  in  some  solid  tumors.  We  have  not, 
however,  had  time  to  analyze  this  gene  for  alterations  in  primary  prostate  tumors.  The  figure  below 
shows  the  entire  FRA7G  region  and  the  genes  that  have  been  localized  within  the  region  to  date. 
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Genes  in  FRA16D 


While  we  were  working  to  construct  the  complete  BAC  contig  across  the  entire  FRA16D  region,  we 
also  initiated  a  search  for  genes  within  that  region.  We  were  fortunate  that  many  more  BAC  clones  from 
this  region  were  sequenced  (especially  in  the  last  few  months).  The  first  gene  that  we  identified  from 
this  region  was  a  c-type  lectin.  Unfortunately,  this  gene  has  a  very  restricted  range  of  tissue-specific 
expression  and  this  gene  is  not  produced  in  normal  prostate  epithelial  cells  (or  in  normal  breast  or 
ovarian  epithelial  cells  either).  This  gene  seemed  like  a  poor  candidate  for  an  important  gene  involved  in 
prostate  tumor  development. 

The  gene  for  the  proto-oncogene  c-maf  was  localized  telomeric  of  the  markers  that  showed  the  most 
frequent  loss  in  prostate  tumors.  However,  once  we  realized  that  the  FRA16D  region  was  the  largest 
common  fragile  site  region  characterized  to  date,  we  were  curious  whether  c-maf  could  be  localized  on 
the  telomeric  edge  of  the  FRA16D  region.  This  did  not  turn  out  to  be  the  case.  Indeed,  we  now  know 
that  c-maf  is  at  least  500  Kb  telomeric  to  the  edge  of  the  FRA16D  region.  This  is  important  as  we  were 
curious  about  two  things  with  respect  to  c-maf:  (1)  Could  it  play  a  role  in  prostate  tumor  development? 
and  (2)  What  role  does  c-maf  play  in  multiple  myelomas  with  the  t(  1 4 : 1 6)  translocation?  Since  c-maf 
was  outside  of  the  FRA16D  region,  we  did  not  pursue  a  detailed  analysis  of  this  gene  in  our  resource  of 
primary  prostate  tumors.  However,  we  did  analyze  the  four  multiple  myeloma  cell  lines  with 
translocations  into  the  FRA16D  region.  This  analysis  revealed  that  c-maf  was  at  least  500  Kb  from  the 
translocation  breakpoints  in  all  four  cell  lines.  Thus,  what  role  could  this  proto-oncogene  play  in 
multiple  myeloma  development?  Was  there  another  gene  within  the  FRA16D  region  that  played  an 
important  role  in  both  prostate  tumor  and  multiple  myeloma  development? 

The  groups  of  Manuel  Aldaz  (University  of  Texas)  and  Rob  Richards  recently  reported  on  the  isolation 
of  a  very  large  gene  called  WWOX  (by  Dr.  Aldaz)  and  FOR  (by  Dr.  Richards).  This  gene  was  found  to 
span  the  entire  FRA16D  region.  In  many  respects  it  appears  very  similar  to  FHIT  as  it  is  a  large  gene 
with  relatively  small  exons  whose  genomic  structure  spans  greater  than  1  megabase  across  a  very  active 
common  fragile  site.  The  figure  below  shows  the  genomic  structure  of  the  WWOX  gene  across  the 
FRA16D  region.  We  have  examined  over  20  primary  prostate  tumor  specimens  for  alterations  in  the 
WWOX  gene  but  have  not  yet  detected  either  any  gross  structural  alterations  or  subtle  point  mutations 
(however,  we  have  not  completed  the  sequencing  of  all  WWOX  exons). 
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Although  it  was  not  a  specific  task  of  our  original  Prostate  Proposal,  we  were  interested  in  whether  the 
FRA16D  region  and  the  WWOX  gene  that  spans  much  of  that  region  were  evolutionarily  conserved 
through  evolution.  Dr.  Thomas  Glover’s  group  had  demonstrated  several  years  ago  that  the  FRA3B 
region  and  the  FHIT  gene  spanning  it  were  conserved  between  man  and  mouse,  and  we  wished  to 
perform  a  similar  analysis  with  the  homologous  mouse  region  and  compare  it  to  the  genomic 
organization  of  the  human  FRA16D  region.  We  isolated  mouse  BAC  clones  using  primers  designed 
from  the  human  WWOX  gene  sequence.  Using  different  WWOX  exons  we  isolated  several  overlapping 
and  several  non-overlapping  BAC  clones  from  the  mouse  WWOX  gene.  When  these  B ACs  were  used  as 
FISH-based  probes  against  aphidicolin-induced  mouse  spleen  cells,  we  found  that  the  mouse  WWOX 
gene  sits  right  on  top  of  a  mouse  aphidicolin-sensitive  fragile  site  region.  However,  the  mouse  band  that 
contains  the  WWOX  gene  (which  is  on  mouse  chromosome  16)  contains  a  less  active  common  fragile 
site  (as  compared  to  mouse  common  fragile  sites)  than  human  chromosomal  band  16q23.2  (FRA16D). 


Task  #3 

To  determine  if  the  genes  from  the  fragile  site  regions  are  tumor  suppressors,  “sensors”  or  merely 
passengers  to  the  genomic  instability  within  the  common  fragile  site  regions.  To  answer  this  question  we 
proposed  to  examine  whether  there  were  tumor  suppressor  genes  in  these  common  fragile  sites  regions. 
Genes  within  the  regions  would  also  be  tested  to  determine  if  they  could  function  as  sensors  of  genomic 
damage. 

The  first  goal  of  this  task  was  to  determine  if  any  of  the  genes  identified  from  the  FRA16D  or  FRA7G 
regions  were  in  some  way  important  to  the  development  of  prostate  cancer.  Each  of  the  genes  identified 
within  or  close  to  these  two  fragile  regions  was  first  tested  for  tumor-specific  mutations  (as  described 
above  under  Task  #2).  While  this  analysis  revealed  that  several  of  the  genes  (including  caveolin-1, 
caveolin-2,  and  TESTIN)  showed  a  loss  of  expression  in  different  tumors  (including  prostate  tumors), 
we  detected  no  mutations  in  any  of  the  genes  analyzed  (including  the  distal  c-maf  gene). 

Our  second  goal  was  to  test  whether  the  genes  in  these  two  fragile  regions  could  somehow  be 
functioning  as  sensors  of  genomic  damage.  Our  evidence  to  suggest  this  was  based  upon  some 
preliminary  assays  with  the  FHIT  gene  (spanning  FRA3B,  the  most  active  common  fragile  site)  which 
suggested  that  agents  affecting  replication  caused  increases  in  FHIT  expression.  We  analyzed  several  of 
the  genes  identified  within  these  two  regions.  We  did  not  test  the  two  recently  identified  genes,  TESTIN 
and  WWOX,  but  worked  instead  with  caveolin-1  and  -2,  c-maf,  and  the  small  c-type-lectin  gene 
identified  within  the  FRA16D  region.  We  cultured  cells  with  aphidicolin,  distamycin  A,  or  caffeine,  and 
then  measured  the  expression  levels  of  these  genes.  Unfortunately,  we  saw  no  changes  in  the  expression 
of  any  of  the  four  genes  tested,  suggesting  that  the  expression  of  these  genes  are  not  changed  by 
chemicals  which  cause  common  fragile  site  expression. 

Our  original  proposal  stated  that  genes  within  the  fragile  site  regions  would  either  be  tumor  suppressors, 
sensors,  or  by  process  of  elimination,  merely  passengers  to  the  instability  which  occurs  in  these  regions. 
There  is  no  definitive  evidence  that  any  of  the  genes  within  the  common  fragile  site  regions  are  actually 
tumor  suppressors.  The  FHIT  gene  has  been  suggested  to  be  a  tumor  suppressor,  but  even  in  this  much 
investigated  gene  there  are  some  profound  distinctions  between  alterations  observed  in  this  gene  and 
alterations  observed  in  the  canonical  tumor  suppressor  Rb.  We  found  no  evidence  that  the  genes  within 
FRA7G  or  FRA16D  acted  as  “sensors”  of  genomic  damage.  However,  it  also  appeared  unlikely  that  the 
interesting  genes  from  these  regions  are  merely  passengers  of  genomic  instability.  The  caveolin-1  gene 
(from  the  FRA7G  region)  has  been  shown  to  not  be  expressed  in  many  different  tumor  types  and 
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suggested  to  be  a  tumor  suppressor.  A  recent  report  from  Michael  Lisanti’s  group  demonstrated  that 
caveolin-1  expression  is  down-regulated  in  cells  transformed  by  the  human  papilloma  virus  in  a  p53- 
dependent  manner.  In  addition,  replacement  of  caveolin-1  expression  suppressed  HPV-mediated  cell 
transformation.  Thus,  caveolin-1  appears  to  play  an  important  role  at  least  in  the  development  of 
cervical  cancer  ( Biochemistry  2000;  39:13916-24). 

We  analyzed  gene  expression  in  primary  ovarian  tumors  as  part  of  our  work  in  the  Ovarian  Cancer 
Program  of  the  Mayo  Clinic  Cancer  Center.  When  we  analyzed  the  most  consistently  down-regulated 
genes  from  our  preliminary  analysis  of  15  ovarian  tumors,  we  found  that  many  of  these  genes  were 
derived  from  chromosomal  bands  known  to  contain  common  fragile  sites.  We  analyzed  the  top  10  hit 
genes  and  found  that  7  of  these  spanned  a  common  fragile  site.  This  analysis  enabled  us  to  quickly 
localize  a  number  of  previously  uncloned  common  fragile  sites.  In  addition,  it  demonstrated  that  many 
of  the  genes  at  other  common  fragile  sites  also  show  a  frequent  loss  of  expression  in  tumor  cells.  We 
submitted  our  competing  renewal  of  this  proposal  based  upon  this  observation.  Our  goal  was  to  analyze 
a  number  of  the  genes  derived  from  within  the  common  fragile  site  regions  for  their  expression  in 
primary  prostate  tumors.  We  believe  that  the  genes  within  the  common  fragile  site  regions  are  frequently 
inactivated  during  tumor  development  and  that  this  inactivation  does  play  an  important  role  in  cancer 
development.  However,  we  still  have  not  shown  a  definitive  connection  between  the  common  fragile  site 
regions,  the  genes  contained  within  these  regions,  and  cancer  development. 

KEY  RESEARCH  ACCOMPLISHMENTS 

(1)  Cloning  of  the  FRA7G  region. 

(2)  Cloning  of  the  FRA16D  region.  Determination  that  this  region  spans  over  1.5  megabases. 

(3)  Identification  of  multiple  genes  within  the  FRA7G  region,  including  caveolin-1,  caveolin-2, 
TESTIN,  and  the  distal  c-maf  gene. 

(4)  Tested  all  the  genes  within  FRA7G  or  FRA16D  for  mutations  in  primary  prostate  tumors.  None 
detected. 

(5)  Determined  that  the  genes  within  these  regions  were  not  “sensors”  of  genomic  damage. 

(6)  Found  that  the  genes  within  the  common  fragile  site  regions  are  frequently  inactivated  in  many 
different  solid  tumors. 

(7)  Cloned  a  number  of  additional  common  fragile  sites  and  have  begun  to  characterize  these  regions 
and  the  genes  contained  within. 

REPORTABLE  OUTCOMES 

Manuscripts/Papers  since  1998 

1.  Wang  X-Y,  Smith  DI,  Frederick  L,  James  CD.  Analysis  of  EGF  receptor  amplicons  reveals 
amplification  of  multiple  expressed  sequences.  Oncogene  1998;  1:191-195. 

2.  Huang  H,  Qian  C,  Jenkins  RB,  Smith  DI.  FISH  mapping  of  YAC  clones  at  human  chromosomal 
band  7q31.2:  Identification  of  YACs  spanning  FRA7G  within  the  common  region  of  LOH  in  breast 
and  prostate  cancers.  Genes  Chromosom.  Cancer  1998;  21:152-159. 

3.  Wang  L,  Darling  J,  Zhang  J-S,  Qian  C-P,  Hartmann  L,  Conover  C,  Jenkins  R,  Smith  DI.  Frequent 
homozygous  deletions  in  the  FRA3B  region  in  tumor  cell  lines  still  leave  the  FHIT  exons  intact. 
Oncogene  1998;  16:635-642. 

4.  LeBeau  MM,  Drabkin  H,  Glover  TW,  Gemmill  R,  Rassool  FV,  McKeithan  TW,  Smith  DI.  A  FHIT 
tumor  suppressor  gene?  Genes  Chromosom.  Cancer  1998;  21:281-289. 

5.  Huang  H,  Qian  J,  Proffitt  J,  Wilber  K,  Jenkins  R,  Smith  DI.  FRA7G  extends  over  a  broad  region: 
Coincidence  of  human  endogenous  retroviral  sequences  (HER-V)  and  small  polydispersed  circular 
DNAs  (spcDNA)  and  fragile  sites.  Oncogene  1998;  16:23 1 1-2319. 

6.  Jenkins  RB,  Qian  J,  Lee  HK,  Huang  H,  Hirasawa  K,  Bostwick  DG,  Proffitt  J,  Wilber  K,  Lieber  MM, 
Liu  W,  Smith  DI.  Molecular  cytogenetic  analysis  of  7q31  in  prostate  cancer.  Cancer  Res.  1998, 
58:759-766. 


14 


7.  Wang  X-Y,  Liu  W,  Smith  DI,  James  CD.  GBAS,  a  novel  gene  encoding  a  protein  with  tyrosine 
phosphorylation  sites  and  a  transmembrane  domain,  is  co-amplified  with  EGFR.  Genomics  1998; 
49(3):448-51. 

8.  Liu  W,  Smith  DI,  Thibodeau  S,  James  CD.  Denaturing  high  performance  liquid  chromatography 
(DHPLC)  used  in  the  detection  of  germline  and  somatic  mutations.  Nucl.  Acids  Res.  1998;  26:1396- 
1400. 

9.  LeBeau  MM,  Rassool  FV,  Neilly  ME,  Espinosa  III  R,  Glover  TW,  Smith  DI,  McKeithan  TW. 
Replication  of  a  common  fragile  site,  FRA3B,  occurs  late  in  S  phase  and  is  delayed  further  upon 
induction:  implications  for  the  mechanism  of  fragile  site  induction.  Hum.  Molec.  Genet.  1998; 
7:755-761. 

10.  Willett  CG,  Wang  MH,  Emanuel  RL,  Graham  SA,  Smith  DI,  Shridhar  V,  Sugarbaker  DJ,  Sunday 
ME.  Macrophage-stimulating  protein  and  its  receptor  in  non-small-cell  lung  tumors:  induction  of 
receptor  tyrosine  phosphorylation  and  cell  migration.  Amer.  J.  Respir.  Cell  Mol.  Biol.  1998;  18:489- 
496. 

11.  Mai  M,  Yokomizo  A,  Tindall  DJ,  Qian  C,  Yang  P,  Smith  DI,  Liu  W.  Activation  of  silent  alleles  of 
p73  in  lung  cancer.  Cancer  Res.  1998;  58:  2347-2349. 

12.  Yokomizo  A,  Tindall  DJ,  Drabkin  HA,  Gemmill  R,  Franklin  W,  Yang  P,  Sugio  K,  Smith  DI,  Liu  W. 
PTEN/MMAC1  mutations  identified  in  small  cell  lung  cancers,  but  not  in  non-small  cell  lung 
cancers.  Oncogene  1998;  17:475-479. 

13.  Zhang  J-S,  Nelson  M,  Mclver  B,  Hay  ID,  Goellner  JR,  Grant  CS,  Eberhardt  NL,  Smith  DI. 
Differential  loss  of  heterozygosity  at  7q31.2  in  follicular  and  papillary  thyroid  tumors.  Oncogene 
1998;  17:789-793. 

14.  Mai  M,  Huang  H,  Reed  C,  Qian  C,  Smith  JS,  Alderete  B,  Jenkins  R,  Smith  DI,  Liu  W.  Genomic 
organization  and  mutation  analysis  of  p73  in  oligodendrogliomas  with  chromosome  lp-arm 
deletions.  Genomics  1998;  51:359-363. 

15.  Mai  M,  Qian  C,  Yokomizo  A,  Tindall  DJ,  Bostwick  D,  Polychronakos  C,  Smith  DI,  Liu  W.  Loss  of 
imprinting  and  allele  switching  of  p73  in  renal  cell  carcinoma.  Oncogene  1998;  17:1739-1741. 

16.  Eley  G,  Wang  X-Y,  Frederick  L.  Smith  DI,  and  James  CD.  3'  end  structure  and  rearrangements  of 
EGFR  in  glioblastomas.  Genes  Chromosom.  Cancer  1998;  23:248-254. 

17.  Yokomizo  A,  Tindall  DJ,  Hartmann  L,  Jenkins  RB,  Smith  DI,  Liu  W.  Mutation  analysis  of  the 
putative  tumor  suppresor  PTEN/MMAC1  in  human  ovarian  cancer.  Int.  J.  One.  1998, 13:101-105. 

18.  Zhang  J-S,  Nelson  M,  Wang  L,  Liu  W,  Qian  C-P,  Shridhar  V,  Urritia  R,  Smith  DI.  Identification 
and  chromosomal  localization  of  CTNNAL1,  a  novel  leucine  zipper  protein  homologous  to  a- 
catenin.  Genomics  1998;  54:149-154. 

19.  Gemmill  R,  West  JD,  Boldog  F,  Sugita  M,  Robinson  LJ,  Smith  DI,  Li  F,  Drabkin  HA.  The 
hereditary  renal  cancer  3;8  translocation  fuses  FHIT  to  TRC8,  a  gene  related  to  the  hedgehog 
receptor,  patched.  Proc.  Natl.  Acad.  Sci.  USA  1998;  95:9572-9577. 

20.  Huang  H,  Reed  CP,  Mordi  A,  Lomberk  G,  Wang  L,  Shridhar  V,  Hartmann  L,  Jenkins  R,  Smith  DI. 
Frequent  deletions  within  FRA7G  at  7q3 1 .2  in  invasive  epithelial  ovarian  carcinomas.  Genes 
Chromosom.  Cancer  1999;  24:48-55. 

21.  Yokomizo  A,  Mia  M,  Tindall  DJ,  Cheng  L,  Bostwick  DG,  Naito  S,  Smith  DI,  Liu  W.  Over¬ 
expression  of  the  wild  type  p73  gene  in  invasive  bladder  cancer.  Oncogene.  1999;  18:1629-1633. 

22.  Yokomizo  A,  Mai  M,  Bostwick  DG,  Tindall  DJ,  Qian  J,  Cheng  L,  Jenkins  RB,  Smith  DI,  Liu  W. 
Mutation  and  expression  analysis  of  the  p73  gene  in  prostate  cancer.  Amer.  J.  Pathol.  1999;  39:  94- 
100. 

23.  Mai  M,  Qian  C,  Yokomizo  A,  Smith  DI,  Liu  W.  Cloning  of  human  conductin  (axin),  a  gene 
mapping  to  chromosome  17q23-24.  Genomics  1999;  55:341-344. 

24.  Wang  L,  Darling  J,  Zhang  J-S,  Liu  W,  Smith  DI.  Allele-specific  late  replication  and  fragility  of  the 
most  active  common  fragile  site,  FRA3B.  Human  Mol.  Genet.  1999;  8:431-437. 

25.  Shridhar  V,  Jett  JR,  Smith  DI.  Molecular  advances  in  the  biology  of  premalignant  lesions  of  lung 
cancer.  Respiratory  Care  Matters,  1999,  3:14-15. 

26.  Huang  H,  Reed  CP,  Zhang  J-S,  Shridhar  V,  Wang  L,  Bright  R,  Smith  DI.  Carboxypeptidase  A3 
(CPA3):  A  novel  gene  highly  induced  by  histone  decetylase  inhibitors  during  differentiation  of 
prostate  epithelial  cancer  cells.  Cancer  Res.  1999,  59:2981-2988. 

27.  Shridhar  V,  Staub  J,  Huntley  B,  Cliby  W,  Jenkins  R,  Pass  HI,  Hartmann  L,  Smith  DI.  A  novel 
region  of  deletion  on  chromosome  6q23.3  spanning  less  than  500  Kb  in  high  grade  invasive 
epithelial  ovarian  cancer.  Oncogene  1999;18:3913-3918. 


15 


28.  Schwartz  DI,  Lindor  NM,  Walsh-Vockley  C,  Roche  PC,  Mai  M,  Smith  DI,  Liu  W,  Couch  F.  p73 
mutations  are  not  associated  with  sporadic  and  familial  breast  cancer.  Breast  Cancer  Research  and 
Treatment,  1999,  58:25-29. 

29.  Kawakami  M,  Staub  J,  Cliby  W,  Hartmann  L,  Smith  DI,  Shridhar  V.  Involvement  of  H-cadherin 
(CDH13)  on  16q  in  the  region  of  frequent  deletion  in  ovarian  cancer.  Int.  J.  of  Oncology,  1999; 
15:715-720. 

30.  Vockely  J,  Rogan  PK,  Anderson  BD,  Willard  J,  Seelan  RS,  Smith  DI,  Liu  W.  Exon  skippping  in 
isovaleric  acidemia  caused  by  point  mutations  in  the  IVD  gene.  Amer.  J.  Hum.  Genet.  2000,  66:356- 
367. 

31.  Wang  L,  Darling  J,  Zhang  J-S,  Liu  W,  Qian  J,  Bostwick  D,  Hartmann  L,  Jenkins  R,  Smith  DI.  Loss 
of  expression  of  the  DRR-1  gene  at  chromosomal  band  3p21.1  in  renal  cell  carcinoma.  Genes, 
Chromosomes  and  Cancer.  2000, 27:  1-10. 

32.  Liu  W,  Mai  M,  Yokomizo  A,  Qian  C,  Tindall  DJ,  Smith  DI,  Thibodeau  SN.  Differential  expression 
and  allelotyping  of  the  p73  gene  in  neuroblastoma.  Int.  J.  Oncology,  2000;  16:181-185. 

33.  Ren  S,  Smith  MJ,  Louro  ID,  Mckie-Bell  P,  Rosa  Bani  M,  Wagner  M,  Zochodne  B,  Redden  DT, 
Grizzle  WE,  Wang  N-D,  Smith  DI,  Herbst  RA,  Bardenheuer  W,  Opalka  W,  Schutte  J,  Trent  JM, 
Ben-David  Y,  Ruppert  JM.  The  p44  locus,  encoding  a  subunit  of  the  proteasome  regulatory  particle, 
is  amplified  during  progression  of  cutaneous  malignant  melanoma.  Oncogene,  2000, 19:1419-1427. 

34.  Mclver  B,  Grebe  SK,  Wang  L,  Hay  ID,  Yokomizo  A,  Liu  W,  Goellner  JR,  Grant  CS,  Smith  DI, 
Eberhardt  NL.  FHIT  and  tsglOl  in  thyroid  tumors:  aberrant  transcripts  reflect  abnormal  RNA 
processing  events  of  uncertain  pathogenetic  or  clinical  significance.  Clin.  Endocrinol.  2000;  52:749- 
757. 

35.  Seelan  RS,  Qian  C,  Yokomizo  A,  Bostwick  DG,  Smith  DI,  Liu  W.  Structural  organization  of  human 
acid  ceramidase  and  expression  in  prostate  cancer.  Genes,  Chromosomes,  Cancer,  2000,  29: 137-146. 

36.  Liu  W,  Dong  X,  Mai  M,  Seelan  R,  Taniguchi  K,  Krishnadath  KK,  Hailing  KC,  Cunningham  JM, 
Qian  C,  Christensen  E,  Roche  PC,  Smith  DI,  Thibodeau  SN.  Activation  of  (3-catenin-Tcf  signaling 
by  mutated  human  conductin  (AXIN2)  in  colorectal  cancer  with  defective  mismatch  repair.  Nature 
Genetics,  2000, 26: 1 46-1' 47 . 

37.  Krummel  KA,  Roberts  LR,  Kawakami  M,  Glover  TW,  Smith  DI.  The  characterization  of  the 
common  fragile  site  FRA16D  and  its  involvement  in  multiple  myeloma  translocations.  Genomics, 
2000,  69:37-46. 

38.  Irwin  M,  Marin  MC,  Phillips  AC,  Seelan  RS,  Smith  DI,  Liu  W,  Flores  ER,  Tsai  KY,  Jacks  T, 
Vousden  KH,  Kaelin  WG.  Role  of  the  p53  homologue  p73  in  E2F-l-induced  apoptosis.  Nature 
2000,  407:645-648. 

39.  Thorland  EC,  Myers  SL,  Persing  DH,  Sarkar  G,  McGovern  RM,  Gostout  BS,  Smith  DI.  HPV16 
integrations  in  cervical  tumors  frequently  occur  in  common  fragile  sites.  Cancer  Res.  2000,  60:5916- 
5921. 

40.  Zhang  J-S,  Wang  L,  Huang  H,  Nelson  M,  Smith  DI.  Keratin  21  (K21),  a  novel  acidic  keratin,  is 
highly  induced  by  histone  deactylase  inhibitors  during  differentiation  of  pancreatic  cancer  cells. 
Genes  Chromosom.  Cancer  2000;  in  press. 

Abstracts  since  1998 

1.  Smith  DI,  Wang  L,  Huang  H.  Common  fragile  sites  and  cancer  development.  1998  AACR  meeting 
on  Innovative  approaches  to  the  prevention,  diagnosis  and  therapy  of  cancer.  Innovative  approaches 
to  the  prevention,  diagnosis  and  therapy  of  cancer.  Feb.  1998  in  Maui,  Hawaii. 

2.  Liu  W,  Yokomizo  A,  Cheong-Yong  K,  Frederick  L,  Qian  C,  Bostwick  D,  Jenkins  R,  Thibodeau  S, 
Smith  DI,  Liu  W.  Denaturing  HPLC  identified  PTEN  mutations  in  glioblastomas  but  not  in  prostate 
cancers.  Innovative  approaches  to  the  prevention,  diagnosis  and  therapy  of  cancer.  Feb.  1998  in 
Maui,  Hawaii. 

3.  Qian  J,  Lee  HK,  Huang  H,  Hirasawa  K,  Bostwick  DG,  Proffitt  J,  Wilber  K,  Lieber  MM,  Liu  W, 
Smith  DI,  Jenkins  RB.  A  molecular  cytogenetic  analysis  of  7q31  in  prostate  cancer.  Amer.  Assoc. 
Cancer  Res.  1998, 39:A875. 

4.  Smith  DI,  Wang  L,  Qian  J,  James  CD,  Jenkins  R,  Huang  H.  Common  fragile  sites  and  cancer. 
Amer.  Assoc.  Cancer  Res.  1998,  39:A3210. 

5.  Eley  G,  Wang  X-Y,  Smith  DI,  Frederick  L,  Hebrink  D,  James  CD.  Genomic  characterization  of 
EGFR  rearrangements  resulting  in  C-terminal  protein  truncations  in  glioblastomas.  Amer.  Assoc. 
Cancer  Res.  1998,  39:A321 1. 


16 


6.  Wang  X-Y,  Smith  DI,  James  CD.  CAG,  a  novel  gene  encoding  a  protein  with  tyrosine 
phosphorylation  sites  and  a  transmembrane  domain,  is  co-amplified  with  EGFR.  Amer.  Assoc. 
Cancer  Res.  1998,  39:A3207. 

7.  Mclver  B,  Hung  A,  Hay  ID,  Smith  DI,  Eberhardt  NL.  PTEN/MMAC1  mutations  are  common  in 
follicular  thyroid  cancer.  Amer.  Assoc.  Cancer  Res.  1998;  39:A4205. 

8.  Vockley  J,  Anderson  BD,  Willard  JM,  Seelan  RS,  Smith  DI,  Liu  W.  Abnormal  splicing  of  IVD 
RNA  in  isovaleric  acidemia  caused  by  amino  acid  altering  point  mutations  in  the  IVD  gene:  a  novel 
molecular  mechanism  for  disease.  Amer.  J.  Hum.  Genet.  1998, 63:A65. 

9.  Gemmill  R,  West  JD,  Boldog  F,  Tanaka  L,  Robinson  LJ,  Smith  DI,  Li  FP,  Drabkin  HA.  The 
hereditary  renal  cell  carcinoma  3;8  translocation  fuses  FHIT  to  a  novel  patched  related  gene,  TRC8. 
Amer.  J.  Hum.  Genet.  1998,  63:A201. 

10.  Wang  L,  Darling  J,  Zhang  J-S,  Liu  W,  Smith  DI.  Allele-specific  late  replication  in  the  most  active 
common  fragile  site,  FRA3B.  Amer.  J.  Hum.  Genet.  1998,  63:A216. 

11.  Huang  H,  Reed  CP,  Qian  J,  Proffit  J,  Wilber  K,  Hartmann  L,  Liu  W,  Jenkins  RB,  Smith  DI. 
Colocalization  of  the  common  fragile  site,  FRA7G,  and  the  common  region  of  deletion  in  prostate, 
breast  and  ovarian  cancer.  Amer.  J.  Hum.  Genet.  1998,  63: A3 95. 

12.  James  CD,  Eley  G,  Wang  X-Y,  Smith  DI.  3'  end  structure  and  rearrangements  of  EGFR  in 
glioblastomas.  Amer.  J.  Hum.  Genet.  1998,  63:A399. 

13.  Kawakami  M,  Hartmann  L,  Huntley  B,  Smith  DI,  Shridhar  V.  Allele  loss  on  16q  in  high-grade 
invasive  epithelial  ovarian  cancer.  Amer.  J.  Hum.  Genet.  1998,  63:A400. 

14.  Liu  W,  Mai  M,  Yokomizo  A,  Qian  C,  Tindall  DJ,  Smith  DI,  Thibodeau  S.  Loss  of  imprinting  and 
haplotype  association  of  the  p73  gene  in  neuroblastoma.  Amer.  J.  Hum.  Genet.  1998,  63:A41 1. 

15.  Mai  M,  Huang  H,  Reed  C,  Qian  C,  Smith  J,  Alderete  B,  Jenkins  RB,  Smith  DI,  Liu  W.  Genomic 
organization  and  mutation  analysis  of  p73  in  oligodendrogliomas  with  chromosome  lp-arm 
deletions.  Amer.  J.  Hum.  Genet.  1998,  63:A415. 

16.  Seelan  RS,  Qian  C,  Smith  DI,  Liu  W.  Characterization  of  8p22,  a  chromosome  region  frequently 
deleted  in  prostate  cancer.  Amer.  J.  Hum.  Genet.  1998,  63:A465. 

17.  Shridhar  V,  Staub  J,  Huntley  B,  Pass  HI,  Hartmann  L,  Smith  DI.  A  novel  region  of  deletion  within 
chromosomal  band  6q23.3  spanning  less  than  1  cM  in  high  grade  invasive  epithelial  ovarian  cancer. 
Amer.  J.  Hum.  Genet.  1998,  63:A472. 

18.  Yokomizo  A,  Mai  M,  Tindall  DJ,  Qian  J,  Cheng  L,  Bostwick  DG,  Jenkins  RB,  Naito  S,  Smith  DI, 
Liu  W.  Mutation  and  expression  analysis  of  the  p73  gene  in  human  bladder  and  prostate  cancer. 
Amer.  J.  Hum.  Genet.  1998,  63:A510. 

19.  Zhang  J-S,  Nelson  M,  Shridhar  V,  Bright  R,  Smith  DI.  High  throughput  screening  for  differentially 
expressed  genes  in  matched  normal/tumor  prostate  epithelial  cell  lines.  Amer.  J.  Hum.  Genet.  1998, 
63:A515. 

20.  Jett  JR,  Hailing  A,  Tazelaar  H,  Edell  E,  Midthun  D,  Marks  R,  Sloan  J,  Hillman  S,  Swensen  S, 
Hartman  T,  Shridhar  V,  Smith  DI.  Screening  for  lung  cancer:  Pilot  study  of  spiral  CT  chest  scan  and 
sputum  cytology.  1999  ALA/ ATS  international  conference. 

21.  Yokomizo  A,  Thibodeau  SN,  Tindall  DJ,  Smith  DI,  Liu  W.  Association  of  luteinizing  hormone  p, 
CYP17,  glutathione  S-transferase  Ml,  T1  PI  and  y-glutamylcystein  synthetase  gene  polymorphisms 
with  familial  prostate  cancer.  1999  AACR  Conference  on  “New  research  approaches  in  the 
prevention  and  cure  of  prostate  cancer.” 

22.  Shridhar  V,  Staub  J,  Smith  DI,  Jett  JR.  Methylation  analysis  of  sputum  from  smokers  lungs.  AACR 
Annual  Meeting,  April  10-14,  1999. 

23.  Mai  M,  Qian  C,  Yokomizo  A,  Smith  DI,  Liu  W.  Cloning  of  the  human  homolog  of  conductin 
(AXIN2),  a  gene  mapping  to  chromosome  17q23.23.  AACR  Annual  Meeting,  April  10-14,  1999. 

24.  Zhang  J-S,  Wang  L,  Huang  H,  Nelson  M,  Smith  DI.  Identification  and  characterization  of  HAIK1,  a 
novel  type  I  keratin,  and  a  potential  differentiation  marker  for  pancreatic  cancer.  AACR  Annual 
Meeting,  April  10-14, 1999. 

25.  Huang  H,  Reed  CP,  Zhang  J-S,  Shridhar  V,  Smith  DI.  A  novel  carboxypeptidase  A3  (CP A3)  is 
highly  inducible  by  histone  deacetylase  inhibitors  in  the  differentiation  of  prostate  epithelial  cells. 
AACR  Annual  Meeting,  April  10-14, 1999. 

26.  Krummel  K,  Kawakami  M,  Roberts  LR,  Smith  DI.  Cloning  and  characterization  of  the  common 
fragile  site,  FRA16D,  and  its  role  in  cancer.  Amer.  J.  Hum.  Genet.  65:A48, 1999. 

27.  Thorland  EC,  Myers  S,  Persing  D,  Smith  DI.  HPV16  preferentially  integrates  into  the  common 
fragile  sites  in  cervical  cancer.  Amer.  J.  Hum.  Genet.  65:A50,  1999. 


17 


28.  Taniguchi  K,  Yang  P,  Marks  T,  Lesnick  A,  Yokomizo  A,  Sloan  D,  Miller  J,  Jett  J,  Tazelaar  E,  Edell 
E,  Smith  DI,  Liu  W.  The  effects  of  glutathione-related  genes  and  cigarette  smoking  on  lung  cancer. 

29.  Callahan  G,  Shridhar  V,  Hartmann  L,  Smith  DI.  Characterization  of  a  carboxypeptidase-A  inhibitor 
identified  by  DD-PCR  in  primary  ovarian  tumors  and  cell  lines.  Amer.  J.  Hum.  Genet.  65:A637, 
19". 

30.  Seelan  RS,  Qian  C,  Yokomizo  A,  Smith  DI,  Liu  W.  Human  acid  ceramidase  located  at  8p22  is 
overexpressed  but  not  mutated  in  prostate  cancer.  Amer.  J.  Hum.  Genet.  65:A1808,  1999. 

31.  Shridhar  V,  Staub  J,  Huang  H,  Callahan  G,  Bright  RK,  Yokomizo  A,  Wang  L,  Pass  HI,  Hartmann  L, 
Smith  DI.  Loss  of  expression  by  deletion  and  hypermethylation  of  a  new  member  of  the  DNAJ 
protein  family  on  13ql4.1  in  ovarian  cancer.  Amer.  J.  Hum.  Genet.  65:A1817,  1999. 

32.  Smith  DI,  Thorland  E,  Krummel  K,  Kawakami  M,  Myers  S,  Roberts  L.  Role  of  the  common  fragile 
sites  in  cancer  development.  Cancer  Genetics  and  Epigenetics:  Gordon  Research  Conference,  Feb. 
20-25,2000. 

33.  Shridhar  V,  Callahan  G,  Staub  J,  Avula  R,  Hartmann  LC,  Smith  DI.  Identification  of  novel  genes 
not  expressed  in  primary  ovarian  tumors  and  cell  lines.  Cancer  Res.  41  :A1983. 

34.  Callahan  aG,  Shridhar  V,  Bale  LK,  Kalli  KR,  Hartmann  LC,  Conover  C,  Smith  DI.  Loss  of  PAPP-A 
expression  in  ovarian  epithelial  carcinoma.  Cancer  Res.  41  :A2214, 2000. 

35.  Huang  H,  Murillo  H,  Smith  DI,  Tindall  DJ.  Neuroendocrine-like  survival  of  LNCAP  prostate  cancer 
cells  under  in  vitro  androgen  ablation  conditions  is  dependent  upon  PI3K-AKT.  Cancer  Res. 
41:A2574,  2000. 

36.  Calhoun  E,  McGovern  RM,  Smith  DI,  Gostout  BS,  Pershing  DH.  Host  genetic  polymorphism 
analysis  of  squamous  cell  carcinoma  of  the  cervix.  Cancer  Res.  41:A2785,  2000. 

37.  Taniguchi  K,  Krishnadath  KK,  Qian  C,  Yang  P,  Smith  DI,  Wang  KK,  Liu  W.  High  sensitivity  of 
denaturing  high  performance  liquid  chromatography  (DHPLC)  in  detection  of  p53  mutations  in 
adenocarcinoma  of  the  esophagus.  Cancer  Res.  41  :A3969,  2000. 

38.  Dong  X,  Seelan  R,  Qian  C,  Smith  DI,  Liu  W.  Human  conductin  (Axin2),  like  its  mouse  counterpart, 
binds  to  APC,  G3K3(3,  and  p-catenin.  Cancer  Res.  41:A4733,  2000. 

39.  Kawakami  M,  Zhang  J-S,  Smith  DI.  Identification  of  the  human  homolog  of  rat  gene  33  as  an 
androgen  regulated  gene  in  LNCAP  cells  and  characterization  of  its  promoter.  Cancer  Res. 
41:A4753,  2000. 

40.  Asaf  H,  Scherer  SW,  Skaug  J,  Rahat  A,  Smith  DI,  Kerem  B.  DNA  replication  pattern  along  a  broad 
region  that  contains  FRA7G,  a  common  fragile  site  on  human  chromosome  7.  Amer.  J.  Hum.  Genet. 
67:  A1 76, 2000. 

41.  Liu  W,  Dong  X,  Mai  M,  Seelan  RS,  Taniguchi  K,  Krishnadath  KK,  Hailing  KC,  Cunningham  JM, 
Qian  C,  Christensen  E,  Roche  PC,  Smith  DI,  Thibodeau  SN.  Altered  Axin2  in  colorectal  cancer 
with  defective  mismatch  repair.  Amer.  J.  Hum.  Genet.  67:A40, 2000. 

42.  Denison  SR,  Shridhar  V,  Ferber  MJ,  Becker  NA,  Callahan  G,  Lee  J,  Lillie  J,  Smith  DI.  Cloning  and 
characterization  of  FRA6E.  Amer.  J.  Hum.  Genet.  67:A110,  2000. 

43.  Thorland  EC,  Myers  SL,  Gostout  BS,  Smith  DI.  HPV16  integrations  in  cervical  tumors 
preferentially  occur  within  the  common  fragile  sites  and  cluster  at  specific  sites.  Amer.  J.  Hum. 
Genet.  67:A363,  2000. 

44.  Ferber  MJ,  Denison  SR,  Becker  NA,  Lee  J,  Lillie  J,  Hartmann  LC,  Shridhar  V,  Smith  DI.  Genes 
within  the  common  fragile  sites  are  down-regulated  in  ovarian  cancer.  Amer.  J.  Hum.  Genet. 
67:A447,  2000. 

45.  Smith  DI,  Sen  A,  Avula  R,  Staub  J,  Lee  J,  Hartmann  L,  Lillie  J,  Shridhar  V.  Identification  of 
differentially  expressed  genes  in  early  and  late  stage  primary  ovarian  tumors  by  the  construction  of 
subtraction  suppression  hybridization  cDNA  libraries.  Amer.  J.  Hum.  Genet.  67:A505,  2000. 

Presentations 

Common  fragile  sites  and  cancer.  Presented  at  the  University  of  Istanbul.  June  16, 1998 

Common  fragile  sites  and  cancer.  Presented  at  the  Roswell  Park  Cancer  Institute,  July  20, 1998. 

Common  fragile  sites  and  cancer.  Presented  to  the  Mayo  Foundation  Summer  Students  Program.  July 
22, 1998. 

Cloning  of  other  common  fragile  sites.  Presented  at  the  Expanded  Fragile  Site  Consortium  Meeting. 
Sept.  18, 1998. 

Molecular  genetics  of  prostate  cancer.  Presented  to  Urogenesys  in  Santa  Monica,  California.  October  12, 
1998. 


18 


Fragile  sites  and  cancer.  Presented  at  the  University  of  Indiana.  October  14, 1998. 

Workshop  on  common  fragile  sites  and  cancer.  Presented  at  the  American  Society  of  Human  Genetics 
meeting,  Denver,  Colorado.  October  28, 1998. 

Allele-specific  late  replication  and  fragility  in  the  FRA3B  region.  Presented  at  the  American  Society  of 
Human  Genetics  meeting,  Denver,  Colorado.  October  30,  1998. 

Common  fragile  sites  and  cancer.  Presented  at  Bilkent  University  in  Ankara,  Turkey.  November  9, 
1998. 

Molecular  genetics  of  prostate  cancer.  Presented  at  Bilkent  University  in  Ankara,  Turkey.  November  11, 
1998. 

The  role  of  the  common  fragile  sites  in  cancer.  Presented  at  Albert  Einstein  College  of  Medicine  to  the 
Department  of  Molecular  Pharmacology,  May  17, 1999. 

Common  fragile  sites  and  cancer.  Presented  to  the  Frontiers  in  Clinical  Genetics  at  George  Washington 
University,  Sept.  16, 1999. 

Role  of  the  Common  Fragile  Sites  in  Cancer  Development.  Presented  at  the  Miami  Winter  Symposium 
on  DNA,  RNA  and  Cancer,  February  6,  2000. 

Common  Fragile  Sites  and  Cancer.  Presented  at  the  Common  Fragile  Sites,  Gene  Amplification  and 
Cancer  Meeting,  Held  at  Mayo  Foundation,  August  25-26,  2000. 

Common  Fragile  Sites  and  Cancer.  Presented  at  the  University  of  Nebraska  in  Omaha,  Sept.  11,  2000. 
Common  fragile  sites  and  the  development  of  cancer.  Presented  to  graduate  students  at  Mayo, 
September  27, 2000. 

Star  Trek  is  here  today:  Impact  of  the  human  genome  project  on  biology.  Presented  at  the  Women’s 
Cancer  Program,  Mayo  Foundation,  October  6,  2000. 

Impact  of  the  Human  Genome  Project  on  Biology-  Sigma  Chi  lecturer,  Presented  on  October  17, 2000. 
Star  Trek  is  here  today:  Impact  of  the  human  genome  project  on  biology.  Presented  at  the  Eagle’s  Award 
Dinner,  Rochester,  MN,  October  23,  2000. 

The  human  genome  project  and  its  impact  on  biology.  Presented  at  the  Clinical  Coordinators 
Conference,  Mayo  Foundation,  October  24,  2000. 

HPV  integration  in  common  fragile  sites  and  the  development  of  cervical  cancer.  Presented  at  the 
Gyn/Onc  grand  rounds,  Mayo  Foundation,  November  1, 2000. 

Transcriptional  Profiling  of  Ovarian  Tumors.  Presented  at  Eli  Lilly,  Indianapolis,  IN,  November  13, 
2000. 

Manuscripts  Published  Acknowledging  DOD  Support 

Krummel  et  al.  The  characterization  of  the  common  fragile  site  FRA16D  and  its  involvement  in  multiple 
myeloma  translocations.  Genomics  2000;  69:37-46. 

Wang  et  al.  Loss  of  expression  of  the  DRR1  gene  at  chromosomal  segment  3p21.1  in  renal  cell 
carcinoma.  Genes  Chromosom  Cancer  2000;  27:1-10. 

Kawakami  et  al.  Involvement  of  H-cadherin  (CDH13)  on  16q  in  the  region  of  frequent  deletion  in 
ovarian  cancer.  IntJ  Oncol  1999;  15:715-20. 

Huang  et  al.  Carboxypeptidase  A3  (CP A3):  A  novel  gene  highly  induced  by  histone  deacetylase 
inhibitors  during  differentiation  of  prostate  epithelial  cancer  cells.  Cancer  Res.  1999;  59:2981-8. 
Wang  et  al.  Allele-specific  late  replication  and  fragility  of  the  most  active  common  fragile  site,  FRA3B. 
Human  Molec.  Genet.  1999;  8:431-7. 

Zhang  et  al.  Keratin  23  (K23),  a  novel  acidic  keratin,  is  highly  induced  by  histone  deacetylase  inhibitors 
during  differentiation  of  pancreatic  cancer  cells.  Genes  Chromosom  Cancer  2000;  in  press. 

CONCLUSIONS 

We  have  now  cloned  and  characterized  two  very  interesting  chromosomal  regions.  The  first  is  a  region 
of  approximately  300  Kb  that  contains  the  relatively  inactive  common  fragile  site,  FRA7G.  The  markers 
which  show  the  most  frequent  loss  in  prostate  tumors  (and  in  breast,  ovarian,  and  hepatocellular  tumors) 
are  derived  from  the  middle  of  this  fragile  region.  None  of  the  genes  within  this  site  (which  includes 
caveolin-1,  caveolin-2,  TESTIN,  and  the  distal  c-maf  gene)  have  any  detectable  mutations  in  our  panel 
of  primary  prostate  tumors.  However,  caveolin-1  and  TESTIN  are  not  frequently  expressed  in  prostate 
tumors.  We  have  found  that  the  highly  active  common  fragile  site  FRA16D  shares  many  similarities  to 
FRA3B,  the  most  active  common  fragile  site.  This  region  spans  over  1.5  megabases  and  there  is  a  very 
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large  gene  that  spans  most  of  this  unstable  region.  We  have  detected  no  alterations  in  this  gene  in  any  of 
our  prostate  tumor  specimens.  None  of  the  genes  analyzed  from  these  regions  appear  to  be  functioning 
as  “sensors”  of  genomic  damage.  However,  the  frequent  loss  of  expression  of  these  genes  and  genes 
identified  as  spanning  other  common  fragile  site  regions  continues  to  suggest  that  these  regions  and  the 
genes  contained  within  them  play  an  important  role  in  prostate  cancer  development. 
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Fish  Mapping  of  YAC  Clones  at  Human  Chromosomal 
Band  7q3l.2:  Identification  of  YACS  Spanning  FRA7G 
Within  the  Common  Region  of  LOH  in  Breast 
and  Prostate  Cancer 
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Loss  of  DNA  sequences  within  human  chromosomal  band  7q3 1 .2  is  frequently  observed  in  a  number  of  different  solid  tumors 
including  breast,  prostate,  and  ovarian  cancer.  This  chromosomal  band  also  contains  the  common  fragile  site,  FRA7G.  Many  of 
the  common  fragile  sites  occur  within  chromosomal  regions  that  are  frequently  deleted  during  tumor  formation  but  their 
precise  position,  relative  to  the  chromosome  breakpoints  and  deletions,  has  not  been  defined  for  the  majority  of  the  fragile 
sites.  Because  the  frequency  of  expression  of  FRA7G  is  low,  we  analyzed  the  expression  of  FRA7G  in  a  chromosome  7-only 
somatic  cell  hybrid  (hamster-human).  YAC  clones  defining  a  contig  spanning  7q3l.2  were  then  used  as  FISH  probes  against 
metaphase  spreads  prepared  from  the  hybrid  cells  after  aphidicolin  induction.  This  analysis  quickly  revealed  whether  a  specific 
YAC  clone  mapped  proximal,  distal,  or  actually  spanned  the  region  of  decondensation/breakage  of  FRA7G.  By  using  this 
approach,  we  have  identified  several  overlapping  YAC  clones  that  clearly  span  FRA7G.  Interestingly,  these  clones  map  precisely 
to  the  common  region  of  LOH  in  breast  cancer  and  prostate  cancer.  In  addition,  the  MET  oncogene  is  contained  within  the 
three  YACs  that  span  FRA7G.  Genes  Chromosomes  Cancer  2 1:152-159 ,  1 998.  ©  1998  Wiley-Liss,  Inc. 


INTRODUCTION 

Chromosomal  regions  that  form  nonrandom  gaps 
or  breaks  when  exposed  to  specific  growth  condi¬ 
tions  are  known  as  fragile  sites  (Berger  et  ah,  1985). 
The  expression  of  all  known  fragile  sites  is  depen¬ 
dent  on  specific  chemical  agents  or  modification  of 
normal  tissue  culture  conditions.  The  biochemical 
basis  of  induction  and  the  relative  frequency  with 
which  a  specific  fragile  site  is  observed  in  the 
general  population  allow  for  further  classification  of 
28  rare  and  89  common  fragile  sites.  The  rare  fragile 
sites,  present  in  less  than  5%  of  the  population,  can 
be  subgrouped  into  sites  that  are  folate-sensitive, 
distamycin  A-sensitive,  and  BrdU-inducible.  The 
common  fragile  sites,  apparently  present  in  all 
individuals,  can  be  divided  into  those  that  are 
aphidicolin-inducible  (Glover  et  ah,  1984;  Glover 
and  Stein,  1988),  5  azacytidine-inducible,  and  BrdU- 
inducible  (Berger  et  ah,  1985). 

Until  recently,  essentially  nothing  was  known 
about  the  DNA  sequences  at  the  fragile  sites. 
Verkerk  et  ah  (1991)  cloned  the  FRAXA  fragile  site, 
responsible  for  the  fragile  X  syndrome,  by  standard 
positional  cloning  methods.  A  simple  repeat, 
(CGG)n,  adjoining  a  CpG  island,  was  found  within 
the  5’-UTR  in  the  first  exon  of  the  FMR1  gene. 
This  repeat  shows  sequence  instability  and  a  dra¬ 
matic  increase  (to  >  200  repeats)  in  fragile  X 


patients.  The  increase  of  the  (CGG)n  repeat  is 
associated  with  abnormal  methylation  within  the 
CpG  island,  chromosome  fragility,  and  the  absence 
of  expression  of  the  FMR1  gene  (Fu  et  ah,  1991; 
Pieretti  et  ah,  1991;  Yu  et  ah,  1991).  To  date,  four 
other  folate-sensitive  fragile  sites  (FRAXE,  FRAXF, 
FRA16A,  and  FRA11B)  have  been  cloned.  All 
contain  a  GGG  repeat  that  is  amplified  and  methyl¬ 
ated  in  individuals  demonstrating  fragility  at  these 
sites  (Knight  et  ah,  1993;  Jones  et  ah,  1994;  Nancar- 
row  et  ah,  1994;  Ritchie  et  ah,  1994).  In  vitro,  CCG 
blocks  of  >  50  repeats  display  strong  nucleosome 
exclusion  and  provide  a  possible  explanation  for  the 
nature  of  these  sites  (Wang  et  ah,  1996).  Despite 
the  molecular  characterization  of  five  folate- 
sensitive  fragile  sites,  the  relationship  between  the 
chemistry  of  fragile  site  induction  and  their  DNA 
sequence  composition  is  not  yet  clear.  In  an  effort 
to  gain  a  better  understanding  of  this  relationship, 
the  distamycin  A-sensitive  fragile  site,  FRA16B, 
was  isolated  by  positional  cloning  and  found  to  be 
an  expanded  33-bp  AT-rich  minisatellite  (Yu  et  ah, 
1997). 
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Common  fragile  sites  differ  from  rare  fragile  sites 
both  in  their  frequency  of  expression  and  in  their 
mode  of  expression.  Most  of  the  rare  fragile  sites  are 
exquisitely  sensitive  to  low  levels  of  folic  acid  in  the 
culture  media.  Common  fragile  sites  are  less  sensi¬ 
tive  to  folate  deficiency  than  the  rare  fragile  sites 
(Glover  et  al.,  1984;  Yunis  and  Soreng,  1984),  but 
most  are  strongly  induced  by  aphidicolin  (Berger  et 
al.,  1985).  Aphidicolin  is  a  specific  inhibitor  of  the 
replicative  DNA  polymerases  a  and  8  and  has  a 
high  specificity  for  breakage  at  the  constitutive 
fragile  site  at  human  chromosomal  band  3pl4.2 
(FRA3B)  (Glover  and  Stein,  1988).  This  is  the  most 
highly  inducible  common  fragile  site  in  the  human 
genome  (Smeets  et  al.,  1986).  Sequence  analysis  of 
180  kb  of  DNA  from  the  FRA3B  region  revealed  no 
information  as  to  why  this  region  is  sensitive  to 
aphidicolin  treatment  (Boldog  et  al.,  1997),  but  it  is 
definitely  not  due  to  trinucleotide  repeats  or  un¬ 
stable  minisatellites. 

Yunis  and  Soreng  (1984)  first  proposed,  based 
upon  cytogenetic  examination,  that  the  position  of 
the  fragile  sites  corresponded  to  hot  spots  for 
chromosomal  breakage  and  rearrangement  during 
carcinogenesis.  FRA3B  is  frequently  deleted  in 
multiple  tumor  types  (Rassool  et  al.,  1992;  Kastury 
et  al.,  1996;  Pandis  et  al.,  1997;  Shridhar  et  al., 
1997a)  and  lies  very  close  to  a  hereditary  renal  cell 
carcinoma  translocation  breakpoint  (hRCC)  (Co¬ 
hen  et  al.,  1979;  Boldog  et  al.,  1994;  Paradee  et  al., 

1996) .  Recently,  the  fragile  histidine  triad  (. FHIT ) 
gene  was  identified  which  crosses  the  hRCC  and  all 
of  the  FRA3B  regions  (Ohta  et  al.,  1996;  Zimonjic 
et  al.,  1997).  Coquelle  et  al.  (1997)  found  that 
intrachromosomal  gene  amplification  may  be  trig¬ 
gered  by  the  expression  of  fragile  sites.  Thus, 
fragile  sites  may  play  an  important  role  in  chromo¬ 
somal  loss  of  regions  containing  tumor  suppressor 
genes  as  well  as  in  amplification  of  chromosomal 
regions  containing  oncogenes. 

Loss  of  heterozygosity  (LOH)  of  microsatellite 
markers  at  human  chromosomal  band  7q31.2  has 
been  detected  in  many  solid  tumors  (Kuniyasu  et 
al.,  1994;  Zenklusen  et  al.,  1994a, b,  1995a;  Takaha- 
shi  et  al.,  1995;  Lin  et  al.,  1996;  Devilee  et  al., 

1997) .  Koike  et  al.  (1997)  observed  LOH  in  this 
region  in  50%  of  informative  advanced  ovarian 
cancers.  It  has  been  proposed  that  this  region 
contains  a  tumor  suppressor  gene  important  in  the 
development  of  prostate  cancer  (Zenklusen  et  al., 
1994b;  Latil  et  al.,  1995;  Takahashi  et  al.,  1995), 
breast  cancer  (Champeme  et  al.,  1995;  Lin  et  al., 
1996),  and  ovarian  cancer  (Zenklusen  et  al.,  1995b; 
Koike  et  al.,  1997).  We  analyzed  LOH  of  7q 


microsatellites  in  sporadic  renal  cell  carcinoma  and 
found  the  highest  allele  loss  at  7q31.2  loci  D7S522 
(24%)  and  D7S649  (30%)  (Shridhar  et  al.,  1997b). 
In  addition,  we  identified  a  homozygous  deletion  in 
one  renal  cell  carcinoma  with  a  7q31.1  marker.  This 
provides  further  evidence  that  this  region  contains 
a  tumor  suppressor  gene.  FRA7G  is  an  aphidicolin- 
inducible  common  fragile  site  at  7q31.2  (Berger  et 
al.,  1985).  It  is,  however,  possible  that  the  frequent 
deletions  observed  in  this  region  are  due  to  the 
intrinsic  instability  in  the  fragile  site  and  surround¬ 
ing  regions  and  not  due  to  the  presence  of  a  tumor 
suppressor  target  in  the  region. 

In  this  paper,  we  describe  the  mapping  of  YAC 
clones  by  FISH  at  7q31.2  and  the  isolation  of  YACs 
crossing  FRA7G  within  the  common  region  of 
LOH  in  breast,  prostate,  and  ovarian  cancer.  This 
will  provide  the  starting  point  for  characterizing  the 
sequences  surrounding  FRA7G  to  determine  its 
precise  molecular  relationship  to  chromosomal  loss 
in  this  region  in  several  tumor  types  and  to  compare 
its  structure  to  that  of  other  common  fragile  sites. 

MATERIALS  AND  METHODS 

Cell  Line  and  Slide  Preparation 

The  human-hamster  hybrid  cell  line,  1HL11-G, 
was  obtained  from  the  NIGMS  Human  Genetic 
Mutant  Cell  Repository  at  the  Coriell  Institute  for 
Medical  Research  in  Camden,  New  Jersey  (its 
repository  number  is  GM 10791).  This  cell  line, 
which  contains  a  single  chromosome  7  as  its  only 
human  component,  has  been  described  previously 
(Jones  et  al.,  1990;  Ledbetter  et  al.,  1990;  Green  et 
al.,  1991).  Cell  culture  and  chromosome  preparation 
were  modified  from  Kuwano  et  al.  (1990).  Briefly, 
cultures  were  grown  in  minimum  essential  medium 
(Eagle),  Alpha  modification  (AMEM),  containing 
10%  fetal  calf  serum,  4  mM  glutamine,  penicillin/ 
streptomycin  (100  units/ml,  100  pg/ml),  and  3X10'5 
mM  mitomycin  C.  Aphidicolin,  dissolved  in  70% 
ethanol  at  a  final  concentration  of  0.4  pM  was  added 
24  hours  after  subculture.  Cultures  were  main¬ 
tained  for  another  17  hours  and  then  washed  twice 
in  Hank’s  Balanced  Salt  Solution  without  aphidico¬ 
lin.  Cells  were  “recovered”  for  another  7  hours  in 
fresh  medium  without  aphidicolin.  Cultures  were 
treated  with  0.04  pg/ml  Colcemid  for  the  last  1.5 
hours,  and  cells  were  processed  in  the  usual  manner 
for  the  preparation  of  chromosomes. 

Slide  preparation  was  modified  from  the  method 
described  by  Breen  et  al.  (1992).  After  spreading, 
slide  preparations  were  soaked  in  3:1  methanol: 
acetic  acid  for  1  hour  and  then  dehydrated  in  an 
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ethanol  series  at  room  temperature.  Slides  were 
aged  at  42°C  overnight  and  further  treated  in 
acetone  for  10  minutes  immediately  prior  to  hybrid¬ 
ization. 

YAC  Probe  Preparation 

YAC  clones  from  the  CEPH  mega-YAC  library 
(Bellane-Chantelot  et  al.,  1992)  were  selected  by 
markers  known  to  be  mapped  to  the  region  sur¬ 
rounding  FRA7G  at  7q31.2.  Isolation  of  YAC  DNA 
was  performed  using  a  modified  procedure  that  was 
kindly  provided  by  Dr.  Harry  Drabkin’s  laboratory 
(University  of  Colorado  Health  Sciences  Center). 
PCR  amplification  of  YAC  recombinant  DNA  was 
carried  out  with  four  Alu  primers  in  a  manner 
similar  to  that  described  by  Nelson  et  al.  (1989). 
Four  Alu  primers,  450,  451,  153,  and  154,  were 
synthesized  as  described  by  Breen  et  al.  (1992). 
PCR  reactions  were  carried  out  with  the  conditions 
of  94°C,  5  min;  94°C,  1  min;  55°C,  1.5  min;  and 
72°C,  2  min  for  35  cycles,  and  then  a  final  extension 
at  72°C  for  10  min.  The  Alu-PCR  products  from 
each  YAC  were  pooled  and  precipitated.  The  DNA 
was  labeled  with  biotin-16-dlJTP  (Boehringcr- 
Mannheim,  Indianapolis,  IN)  by  using  a  Nick 
translation  kit  (Boehringer-Mannhcim). 

Fluorescence  In  Situ  Hybridization 

After  precipitation,  labeled  DNA  was  dissolved 
in  a  final  concentration  of  15-25  ng/pl  in  a  hybridiza¬ 
tion  mixture  which  contained  50%  formamide,  10% 
dextran  sulfate,  2XSSC,  400-500  ng/pl  human 
Cot-1  DNA  (GIBCO,  Grand  Island,  NY),  and  0.5 
pg/pl  sheared  herring  sperm  DNA.  Probe  DNA  was 
denatured  at  75°C  for  10  min  and  then  preannealed 
at  37°C  for  20  minutes.  Prior  to  hybridization,  slides 
were  denatured  at  65°C  in  70%  (v/v)  formamide  in 
0.6XSSC  for  2-3  min,  followed  by  passing  through 
an  alcohol  scries.  Hybridizations  were  performed  at 
37°C  for  17  hours.  Post-washing  was  carried  out  at 
42°  under  the  following  conditions:  50%  formamide 
(v/v)  in  2XSSC  twice,  5  minutes,  and  2XSSC  twice, 
5  minutes  each.  Hybridized  probes  were  detected 
with  a  fluorescein  detection  kit  (Oncor,  Inc., 
Gaithersburg,  MD).  Cells  were  countcrstained  with 
propidium  iodide  (0.6  pg/pl)  and  the  antifadc  com¬ 
pound  p-phenylenediamine.  Hybridization  signals 
were  observed  with  a  Zeiss  Axioplan  microscope 
equipped  with  a  triple-pass  filter  (102-104-1010; 
VYSIS).  Pictures  were  taken  with  the  LPLAB 
Spectrum  P  software  on  a  computer. 


TABLE  1.  Observation  of  Gaps  and  Breaks  Induced  by  Aphidi- 
colin  at  Fragile  Sites  on  Human  Chromosome  7 
in  Human-Hamster  Hybrid  IHLI  l-Ga 


Gene 

symbol6 

Regional 

assignment 

Number  of  gaps 
and  breaks 

Percent  total 
aberrations 

FRA7B  (c) 

7p22 

3 

l.l 

FRA7C  (c) 

7pl4.2 

23 

8.5 

FRA7D  (c) 

7pl  3 

0 

0 

FRA7A  (r) 

7pl  1.2 

0 

0 

FRA7J  (c) 

7q  1 1 

7 

2.6 

FRA7E  (c) 

7q2l  .2 

61 

22.5 

FRA7F  (c) 

7q22 

68 

25.1 

FRA7G  (c) 

7q3 1 .2 

46 

17.0 

FRA7H  (c) 

7q32.3 

59 

21.7 

FRA7I  (c) 

7q36 

4 

1.5 

Total  aberrations 

271 

100 

aValues  based  on  9586  metaphase  cells. 
b(c),  common  fragile  site;  (r),  rare  fragile  site. 


RESULTS 

Expression  of  Fragile  Sites  on  Human 
Chromosome  7  in  Human-Hamster 
Hybrid  IHLI  I -G 

The  frequency  of  expression  of  FRA7G  is  signifi¬ 
cantly  lower  than  that  of  FRA3B  (Barbi  et  al.,  1984; 
Yunis  and  Sorcng,  1984;  Kuwano  et  al.,  1990; 
Hirsch,  1991).  We  therefore  decided  to  analyze 
FRA7C  expression  in  a  human-hamster  hybrid 
(1HLU-G).  Prior  to  the  FISH  analysis  with  YAC 
clones  from  the  7q31.2  region,  wc  performed  a  G/Q 
banding  analysis  and  total  human  DNA  painting 
with  hybrid  1HL11-G.  This  analysis  revealed  that 
this  cell  line  retains  chromosome  7  as  the  only 
intact  human  chromosome  in  more  than  90%  of 
cells,  which  is  consistent  with  other  reports  (Jones 
et  al.,  1990;  Ledbetter  et  al.,  1990).  Hybrid  cells 
were  cultured  in  the  presence  of  aphidicolin,  meta- 
phase  spreads  were  prepared,  and  the  gaps  and 
breaks  induced  on  the  intact  human  chromosome  7 
were  scored  after  R-banding  analysis.  A  total  of  274 
gaps  and  breaks  were  scored  on  chromosome  7 
based  on  observation  of  9,586  metaphase  cells. 
Except  for  three  gaps  and  breaks  observed  at  7 p  1 5 , 
a  non-fragile-site  region,  all  other  breakpoints  were 
in  the  fragile-site  regions.  Of  these  aberrations  on 
fragile  sites,  1.1%  was  at  FRA7B,  8.5%  at  FRA7C, 
2.6%  at  FRA7J,  22.5%  at  FRA7F,  25.1%  at  FRA7F, 
17%  at  FRA7G,  21.7%  at  FRA7H,  and  1.5%  at 
FRA7I  (Table  1).  The  frequency  of  the  gaps  and 
breaks  on  chromosome  7  in  this  hybrid  was  not 
greater  than  the  frequency  that  would  have  been 
observed  in  human  cells.  However,  the  ease  of 
identifying  chromosome  7’s  in  hybrid  1HL11-G 


FRA7G  IN  LOH  REGION  OF  BREAST  AND  PROSTATE  CANCER 


155 


TABLE  2.  FISH  Results  of  YACs  on  Chromosome  7 
Surrounding  FRA7G 


YAC 

clones 

Positive  STS 
markers 

Distal 
to  break¬ 
point11 

Cross 

break¬ 

point2 

Proximal 
to  break¬ 
point2 

928CI 

D7S635  (153  cM) 

+ 

- 

- 

769GI0 

D7S680  (153  cM) 

+ 

- 

- 

752H8 

D7S686  (152  cM) 

+ 

- 

- 

755A9 

D7SI47I  (151  cM) 

+ 

- 

- 

763  B7 

D7S247I  (151  cM) 

+ 

- 

- 

783G5 

D7S487  (150  cM) 

+ 

- 

- 

924B5 

D7S490  (149  cM) 

+ 

- 

- 

937B2 

D7S480  ( 1 47  cM) 

+ 

- 

- 

887DI  1 

D7S633  (144  cM) 

+ 

- 

- 

9I2D9 

D7S2460  (144  cM) 

+ 

- 

- 

83IBI2 

D7S522  (144  cM) 

- 

+ 

- 

746H5 

D7S522  ( 1 44  cM) 

- 

+ 

- 

92IB4 

D7S522  (144  cM) 

- 

+ 

- 

757EI0 

D7S2502  (144  cM) 

- 

- 

+ 

805E2 

D7S2554  (143  cM) 

- 

- 

+ 

847BI0 

D7S2554  (143  cM) 

- 

- 

+ 

a(+)  indicates  positive  result;  (-)  indicates  negative  result. 


made  it  much  easier  for  us  to  analyze  the  large 
number  of  metaphases  necessary  to  identify  suffi¬ 
cient  numbers  of  FRA7G  gaps  and  breaks  to 
conduct  this  study 

FISH  Mapping  of  YACs  at  7q3 1 .2 

In  order  to  identify  YACs  crossing  FRA7G,  we 
selected  YAC  clones  electronically  based  upon  the 
markers  that  had  been  mapped  surrounding  7q31.2 
by  genetic  linkage  analysis  and  physical  mapping 
(Lin  et  al.,  1996).  These  YACs  cover  10  cM  of  the 
region  within  and  surrounding  7q31.2  (see  Table  2). 
FISH  analysis,  with  these  YACs,  was  performed  on 
metaphase  cells  of  the  1HL11-G  cell  line  after 
aphidicolin  treatment.  YAC  clones  were  scored  as 
hybridizing  distal  to  the  region  of  a  gap  or  break 
within  FRA7G,  proximal  to  that  region  or  actually 
crossing  the  gap  or  break.  All  YAC  clones  that  were 
genetically  localized  from  153  to  147  cM  mapped 
distal  to  FRA7G.  There  is  actually  a  gap  of  the  YAC 
contig  (between  contigs  WC7.6  and  WC7.7)  occur¬ 
ring  around  genetic  position  144  cM,  but  clearly  all 
YACs  surrounding  the  gap  always  hybridize  distal  to 
FRA7G.  However,  YAC  clones  757E10,  805E2,  and 
847B10  always  hybridize  proximal  to  FRA7G.  Three 
of  the  YAC  clones,  921B4,  831B12,  and  746H5, 
hybridized  to  both  sides  of  the  gap  or  break  within 
FRA7G.  The  markers  that  map  to  all  three  YAC 
clones  include  the  MET  oncogene,  as  well  as 
D7S2460,  D7S522,  and  D7S486.  All  of  these  mark¬ 
ers  map  to  a  genetic  position  of  144  cM.  A  precise 
order  of  these  markers  was  determined  from  a 


refined  physical  map  of  this  region  (Lin  et  al., 
1996). 

Figure  1A  shows  the  FISH  result  obtained  with 
YAC  757E10,  demonstrating  that  this  YAC  hybrid¬ 
izes  proximal  to  FRA7G.  Figure  IB  illustrates  the 
FISH  result  obtained  with  YAC  831B12,  clearly 
showing  that  this  YAC  clone  hybridizes  both  proxi¬ 
mal  and  distal  to  FRA7G,  and  Figure  1C  shows  the 
hybridization  signal  observed  with  YAC  912D9;  this 
YAC  is  derived  from  the  region  immediately  distal 
to  YAC  831 B 12  and  always  hybridized  distal  to 
FRA7G.  Figure  2  is  a  map  of  the  7q31.2  region 
between  markers  AFMA073ZB9  and  D7S2554. 
Also  included  on  this  map  are  the  YAC  clones 
comprising  part  of  the  WC7.6  YAC  contig  and  their 
relationship  to  the  markers  from  this  region.  The 
region  of  overlap  among  YACs  921B4,  831 B 12,  and 
746H5  defines  the  FRA7G  region.  This  is  also  the 
area  defined  as  the  common  region  of  LOH  in 
breast  and  prostate  cancer;  this  is  also  indicated  in 
Figure  1. 

DISCUSSION 

The  strategy  to  use  YAC  clones  derived  from 
chromosomal  bands  known  to  contain  fragile  sites 
as  FISH-based  probes  against  aphidicolin-induced 
cells  to  look  for  YAC  clones  that  span  the  region  of 
aphidicolin-induced  breakage  has  been  used  previ¬ 
ously  for  successful  cloning  of  sequences  surround¬ 
ing  FRA3B  (Boldog  et  al.,  1994;  Wilke  et  al.,  1994). 
By  using  this  method,  we  have  isolated  YAC  clones 
that  cross  FRA7G  within  chromosomal  band  7q31.2. 
Until  recently,  similar  work  has  been  laborious  but, 
thanks  to  the  current  status  of  the  physical  map  of 
the  human  genome,  the  work  is  much  more  straight¬ 
forward.  Electronic  examination  of  the  region  sur¬ 
rounding  7q31.2  revealed  an  almost  complete  YAC 
contig  for  the  region.  On  the  basis  of  markers 
mapped  to  this  region,  we  obtained  16  YAC  clones 
(Table  2),  which  we  used  for  our  FISH-based 
mapping  of  FRA7G. 

Because  FRA7G  is  expressed  at  a  very  low  level 
relative  to  the  more  active  common  fragile  sites 
including  FRA3B  (3pl4.2),  FRA16D  (16q23.2), 
and  FRA6E  (6q26)  (Glover  et  al,  1984;  Yunis  and 
Soreng,  1984),  we  began  this  work  with  a  hamster/ 
human  hybrid  cell  line,  1HL11-G,  which  contains  a 
single  human  chromosome  7  as  its  only  human 
component  (Jones  et  al.,  1990;  Ledbetter  et  al., 
1990;  Green  et  al.,  1991).  Although  the  frequency  of 
chromosome  7  fragile  site  breakpoints  was  not 
greater  in  this  hybrid,  the  ease  of  identifying  the 
human  chromosome  in  the  hybrid  facilitated  our 
analysis  of  sufficient  metaphases  to  detect  large 
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Figure  I.  Combined  fluorescence  in  situ  hybridization  of  pooled 
Alu-PCR  products  (right)  and  R-banding  analysis  (left).  A:  Partial 
metaphase  indicating  FISH  mapping  of  the  YAC  757E 1 0.  This  YAC  signal 
localizes  proximal  to  the  gap  of  FRA7G.  B:  Representative  metaphase 


numbers  of  FRA7G  breakpoints.  We  analyzed  9,586 
metaphase  cells  from  aphidicolin-treated  1HL11-G 
cells  and  found  that  46  had  gaps  or  breaks  at 
FRA7G.  A  total  of  ten  fragile  sites  are  observed  on 
chromosome  7  (Sutherland  and  Ledbetter,  1989). 
Fragility  at  FRA7A  was  not  observed;  this  observa¬ 


spread  showing  FISH  mapping  of  the  YAC  83 1 B 1 2.  This  YAC  hybridiza¬ 
tion  is  split  by  the  breakage  of  FRA7G.  C:  Partial  metaphase  chromo¬ 
some  preparation  illustrating  FISH  mapping  of  the  YAC  9I2D9.  This 
YAC  maps  distal  to  the  breakpoint  of  FRA7G. 


tion  is  consistent  with  the  fact  that  FRA7A  is  a 
folate-sensitive,  rare  fragile  site  and  thus  would  not 
be  expected  to  be  observed  with  aphidicolin  induc¬ 
tion.  With  the  exception  of  FRA7D,  all  eight  of  the 
aphidicolin-inducible  common  fragile  sites  were 
induced  in  hybrid  1LH1 1-G  (Table  1).  It  is  possible 
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A  GAP  BETWEEN  COMMON  REGION  OF 

YAC  OONTIGS  LOH  IN  BFEAST  & 

FROSTATE  CANCER 


!  FRA7G 


Figure  2.  YAC  map  surrounding  the  FRA7G  region.  The  top  line  genetic  and  physical  position  of  their  corresponding  markers.  FISH 

represents  approximate  locations  of  known  DNA  markers.  Each  DNA  mapping  shows  that  FRA7G  falls  into  the  region  surrounding  marker 

marker  contained  with  the  YAC  clone  is  shown  by  a  small  vertical  bar.  D7S522  between  YACs  9I2D9  and  757EI0.  This  region  is  also  the 

The  dashed  lines  in  the  middle  of  YAC  921 B4  represents  a  probable  common  region  of  LOH  in  breast  cancer  and  prostate  cancer  (Takahashi 

deletion  in  the  middle  of  this  YAC  as  marker  D7S633  was  not  present  et  al.,  1995;  Lin  et  al.,  1996).  YACs  that  flank  a  gap  in  a  YAC  contig 

on  this  YAC.  The  YACs  were  aligned  based  on  FISH  analysis  and  the  around  genetic  position  144  cM  were  all  mapped  distal  to  FRA7G. 


that  FRA7D  may  be  expressed  at  such  a  low  level 
in  the  hybrid  cells  utilized  that  no  breaks  were 
observed. 

Yunis  and  Soreng  (1984)  first  hypothesized  that 
the  fragile  sites  might  predispose  the  chromosomes 
to  breakage  and  rearrangements  in  cancer  cells, 
based  upon  cytogenetic  observations.  Chromosome 
segment  7q31.2  is  indeed  frequently  deleted  in 
many  different  tumor  types  including  breast  cancer 
(Zenklusen  et  al.,  1994;  Devilee  et  al.,  1997), 
ovarian  cancer  (Zenklusen  et  al.,  1995;  Koike  et  al., 
1997),  and  prostate  cancer  (Zenklusen  et  al.,  1994b; 
Latil  et  al.,  1995;  Takahashi  et  al.,  1995).  The  MET 
oncogene  maps  within  this  region  and  has  been 
shown  to  be  amplified  in  many  tumors  (Muleris  et 
al.,  1994;  Wullich  et  al.,  1994;  Seruca  et  al.,  1995). 
Our  results  with  YACs  derived  from  this  region 
indicate  that  FRA7G  is  localized  within  the  one 
megabase  region  that  commonly  shows  LOH  in 
breast  and  prostate  cancer  (Takahashi  et  al.,  1995; 
Lin  et  al.,  1996;  Devilee  et  al.,  1997).  The  MET 
oncogene  is  also  contained  within  the  three  YACs 
that  cross  FRA7G.  These  results  are  thus  consistent 


with  the  preliminary  cytogenetics-based  hypothesis 
of  Yunis  and  Soreng  (1984)  and  suggest  that  FRA7G 
may  play  an  important  role  in  both  deletion  and 
amplification  processes  of  this  region  in  cancer 
development. 

To  date,  we  do  not  know  why  aphidicolin- 
inducible  fragile  sites  are  so  unstable  in  cancer  cells 
or  why  aphidicolin  specifically  induces  frequent 
decondensation/breakage  in  these  regions  in  cells 
grown  in  vitro.  We  also  do  not  know  whether  the 
frequent  deletions  in  this  region  in  cancer  cells  are 
just  due  to  the  instability  at  this  fragile  site  or 
whether  there  really  is  a  tumor  suppressor  gene  that 
is  the  target  of  the  deletions.  Further  characteriza¬ 
tion  of  FRA7G  at  the  molecular  level  will  help  us  to 
understand  the  basis  of  its  fragility  and  its  relation¬ 
ship  with  tumorigenesis,  especially  when  we  com¬ 
pare  it  to  FRA3B.  As  a  direct  result  of  the  work 
done  in  analyzing  metaphase  cells  from  hybrid 
1HL11-G  treated  with  aphidicolin,  we  also  have 
sufficient  gaps  and  breakages  on  seven  other  chro¬ 
mosome  7-specific  common  fragile  sites  to  isolate 
YAC  clones  spanning  these  sites.  A  comparison  of 
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the  regions  surrounding  each  of  these  sites  should 
give  insights  into  the  mechanism  of  instability  at 
common  fragile  sites  and  the  global  relationship 
between  common  fragile  sites  and  breakpoints  in 
cancer. 
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FRA7G  extends  over  a  broad  region:  coincidence  of  human  endogenous 
retroviral  sequences  (HERV-H)  and  small  poly  dispersed  circular  DNAs 
(spcDNA)  and  fragile  sites 
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FRA7G  is  an  aphidicolin-inducible  common  fragile  site 
at  human  chromosomal  band  7q31.2.  This  region  is 
frequently  altered  in  a  number  of  different  tumor  types 
including  prostate,  breast,  and  ovarian  cancer.  It  has  also 
been  hypothesized  that  this  region  contains  an  important 
tumor  suppressor  gene  which  is  mutated  during  the 
development  of  these  cancers  or  an  oncogene  which  is 
amplified.  We  previously  used  a  FISH-based  approach  to 
isolate  YAC  clones  which  spanned  FRA7G.  In  this 
report,  we  describe  the  isolation  and  restriction 
endonuclease  mapping  of  three  overlapping  PI  clones 
which  cover  FRA7G  and  the  region  frequently  altered  in 
the  different  cancers.  FISH-based  analysis  of  these 
clones  reveals  that  aphidicolin-induced  breakage  in  the 
FRA7G  region  occurs  over  a  region  of  at  least  300  Kb  in 
length.  We  have  also  localized  a  previously  sequenced 
BAC  clone  to  this  region.  The  sequence  obtained  from 
this  clone  reveals  the  presence  of  an  endogenous 
retroviral  sequence  (HERV-H)  in  the  midst  of  the 
FRA7G  region  as  well  as  sequences  with  homology  to 
small  polydispersed  circular  DNAs  (spcDNAs).  Thus  for 
the  first  two  cloned  common  fragile  sites,  FRA7G  and 
FRA3B,  there  is  an  association  with  both  spcDNAs  and 
hot-spots  for  viral  integration. 

Keywords:  chromosome  fragility;  FRA7G;  spcDNA; 
human  endogenous  retroviral  sequence;  fluorescence  in 
situ  hybridization 


Introduction 

Fragile  sites  are  chromosomal  regions  that  form 
nonrandom  gaps  or  breaks  when  exposed  to  specific 
chemicals  or  growth  conditions  (Sutherland  and  Hecht, 
1985).  The  relative  frequency  that  a  specific  fragile  site  is 
observed  in  the  general  population  allow  for  further  sub¬ 
classification  of  the  fragile  sites.  Fragile  sites  that  are 
observed  in  less  than  5%  of  the  population  are  referred 
to  as  rare  fragile  sites,  whereas  fragile  sites  that  are 
observed  in  most  individuals  are  known  as  common 
fragile  sites.  The  specific  chemical  or  growth  condition 
which  promotes  fragile  site  expression  allows  for  further 
groupings  of  the  rare  and  common  fragile  sites. 

To  date,  six  rare  fragile  sites  and  one  common 
fragile  site  have  been  cloned  and  characterized.  Five 
folate-sensitive  rare  fragile  sites  have  been  cloned, 
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FRAXA,  FRAXE,  FRAXF,  FRA16A,  and  FRA11B, 
and  each  contain  a  CGG  repeat  which  is  amplified  and 
methylated  in  individuals  that  demonstrate  fragility  at 
these  sites  (Verkerk  et  al ,  1991;  Knight  et  al .,  1993; 
Ritchie  et  al ,  1994;  Jones  et  al ,  1994;  Nancarrow  et 
al. ,  1994).  The  sixth  cloned  rare  fragile  site  is  FRA16B. 
This  fragile  site  is  induced  by  distamycin  A,  not  by 
folate  deficiency,  and  contains  an  expanded  33  bp  AT- 
rich  minisatellite  sequence  in  individuals  expressing  the 
fragile  site  (Yu  et  al. ,  1997).  FRA3B  is  the  only 
common  fragile  site  which  has  been  characterized  at 
the  molecular  level  (Paradee  et  al .,  1996;  Rassool  et  al. , 
1996;  Wilke  et  al. ,  1996;  Boldog  et  al. ,  1997).  This 
fragile  site  is  an  aphidicolin-sensitive  fragile  site 
(Glover  et  al. ,  1984),  and  the  most  highly  inducible 
fragile  site  in  the  human  genome  (Smeets  et  al. ,  1986). 
Breakpoints  in  FRA3B  occur  over  a  region  of  at  least 
300  Kb  of  DNA  (Paradee  et  al. ,  1996).  Sequence 
analysis  of  110  Kb  of  DNA  from  the  FRA3B  region 
revealed  no  information  as  to  why  this  region  is 
unstable  to  aphidicolin  treatment  (Boldog  et  al .,  1997); 
however,  it  is  definitely  not  due  to  unstable  trinucleo¬ 
tide  or  minisatellite  repeat  sequences.  DNA  sequence 
analysis  of  the  FRA3B  region  did  reveal  several 
interesting  features  of  the  region.  The  first  is  the 
presence  of  an  HPV16  viral  integration  site  in  the 
middle  of  the  region  of  greatest  aphidicolin-induced 
sensitivity  (Wilke  et  al. ,  1996).  There  are  also  three 
THE1  elements  in  the  FRA3B  region  as  well  as 
sequences  with  homology  to  small  polydispersed 
circular  DNAs  (spcDNA)  (Boldog  et  al. ,  1997;  Wang 
et  al. ,  1997). 

Although  the  molecular  basis  for  instability  in  the 
rare  fragile  site  regions  is  largely  unknown,  their 
fragility  appears  to  be  associated  with  expansions  of 
the  CGG  or  minisatellite  sequences  for  each  of  the 
cloned  rare  fragile  sites.  Much  less  is  known  about  why 
sequences  within  and  surrounding  the  common  fragile 
sites  are  sensitive  when  cells  are  exposed  to  aphidicolin. 
One  possible  explanation  is  the  fragile  sites  replicate 
very  late  in  the  cell  cycle  and  specific  conditions  which 
slow  this  replication  effectively  inhibit  the  ability  of  the 
common  fragile  site  regions  to  complete  their 
replication  prior  to  cellular  division  (Laird  et  al. , 
1987).  Preliminary  studies  with  clones  throughout  the 
FRA3B  region  have  demonstrated  that  sequences  in 
the  fragile  site  region  are  indeed  late  replicating  and 
that  aphidicolin  treatment  can  slow  this  replication 
even  further  (LeBeau  et  al. ,  1998).  However,  late 
replication  by  itself  cannot  explain  why  fragile  site 
regions  show  gaps  and  breaks  after  induction  as  there 
are  many  late  replicating  regions  of  the  genome  which 
do  not  show  this  sensitivity. 
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The  association  between  fragile  sites  and  disease  is 
poorly  understood,  with  the  exception  of  a  few  of  the 
rare  fragile  sites.  The  rare  fragile  site  FRAXA  is 
associated  with  the  most  common  form  of  mental 
retardation  (Kremer  et  al .,  1991;  Oberle  et  al. ,  1991; 
Verkerk  et  al ,  1991;  Yu  et  al ,  1991),  and  FRAXE  is 
associated  with  a  milder  form  of  mental  retardation 
(Knight  et  al ,  1993).  FRA11B  is  located  in  the  CBL2 
proto-oncogene  region  and  evidence  now  exists  that 
breakage  at  llq23.3  (the  band  containing  FRA11B)  in 
humans  can  give  rise  to  a  constitutional  chromosomal 
deletion  (llq-)  resulting  in  Jacobsen’s  syndrome  (Jones 
et  al ,  1995;  Penny  et  al ,  1995).  This  association  shows 
that  fragile  sites  can  cause  instability  in  vivo  and  lead  to 
chromosome  breakage.  Yunis  and  Soreng  (1984)  first 
proposed  that  the  position  of  the  fragile  sites 
corresponds  to  regions  that  showed  frequent  rearrange¬ 
ments  and  deletions  during  carcinogenesis.  FRA3B  is 
frequently  deleted  in  multiple  tumors  (Rassool  et  al , 
1992;  Kastury  et  al ,  1997;  Pandis  et  al ,  1997;  Shridhar 
et  al ,  1997)  and  lies  very  close  to  the  hereditary  renal  cell 
carcinoma  translocation  breakpoint  (Cohen  et  al ,  1979; 
Boldog  et  al ,  1994;  Paradee  et  al,  1996).  Recently,  the 
FHIT  gene  was  identified  which  crossed  the  hereditary 
renal  cell  carcinoma  translocation  breakpoint  and  the 
FRA3B  region  (Ohta  et  al,  1996)  and  was  found  to  have 
aberrant  transcripts  in  50%  of  gastrointestinal  cancers 
(Ohta  et  al,  1996),  80%  of  small-cell  lung  cancers,  and 
40%  of  non-small  cell  lung  cancers  (Sozzi  et  al,  1996). 
Thus,  FRA3B  appears  to  be  responsible  for  genomic 
instability  in  this  region  during  carcinogenesis  and  also 
contains  a  putative  tumor  suppressor  gene  which  may 
play  a  role  in  cancer  development. 

Loss  of  heterozygosity  (LOH)  of  microsatellite 
markers  at  human  chromosomal  band  7q3 1 .2  has  been 
detected  in  many  solid  tumors  (Kuniyasu  et  al,  1994; 
Zenklusen  et  al,  1994a,  1995a;  Champeme  et  al,  1995; 
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Takahashi  et  al,  1995;  Lin  et  al,  1996;  Devilee  et  al, 
1997).  A  recent  FISH-based  study  of  prostate  cancer 
revealed  triplication  of  this  region  (Jenkins  et  al, 
manuscript  in  preparation).  This  band  also  contains 
the  common  fragile  site  FRA7G.  We  previously  reported 
on  this  isolation  of  three  YAC  clones  which  covered 
FRA7G  (Huang  et  al,  1998).  These  YACs  also 
contained  the  markers  most  frequently  lost  in  breast, 
prostate,  and  ovarian  cancer  (Huang  et  al,  1998).  Here 
we  report  the  further  localization  of  FRA7G  to  a  region 
of  at  least  300  Kb  surrounding  the  microsatellite 
D7S522.  A  PI  contig  was  constructed  which  covers  the 
FRA7G  region.  We  have  also  mapped  a  BAC  clone, 
which  has  been  completely  sequenced,  to  this  region. 
This  clone,  RG30H15,  localizes  near  the  center  of 
frequent  breakage  in  FRA7G.  The  sequence  of  this 
BAC  reveals  that  FRA7G  contains  a  human  endogenous 
retroviral  sequence.  In  addition,  we  found  that  FRA7G, 
like  FRA3B,  contains  sequences  with  homology  to  small 
polydispersed  circular  DNAs  (spcDNA). 


Results 

Restriction  mapping  of  PI  clones  in  the  FRA7G  region 

In  our  previous  experiments  using  a  FISH-based 
approach,  we  identified  several  YAC  clones  that 
spanned  aphidicolin-induced  decondensation/breakage 
within  FRA7G  and  defined  FRA7G  to  a  region 
surrounding  D7S522  and  D7S486  (Huang  et  cil, 
1998).  We  have  extended  this  approach  to  sublocalize 
the  position  of  FRA7G  by  analysing  PI  clones  from 
this  region. 

PCR  amplification  using  primers  specific  for  D7S522 
and  D7S486  identified  three  PI  clones  (see  Figure  la, 
b).  PI  clones  v203B  and  v203C  generated  the  correct 


D7S522  D7S486 

- 1 - 1-  921B4  (1540kb)  1O0kb 

_ 1 - 1 -  831B12  (1040kb) 

- ! - 1 -  746H5  (1 1 60kb) 

iiiiiiriiriiiiiriiiTiiinniti 

FRA7G 


CENTROMEFE 


B 

BBBBBS8 

1  1  1  III  1 

X 

1  B 

X 

_iL 

i _ i 

v203B(91  kb)  1 0kb 

X 

X 

* 

B  BBBBBB  1 
i  i  i  in  1 

1  BB 

1  ii 

4 

B  B  B 

_ i  i  i _ 

RG30H15  (151  kb) 

* 

? 

X 

i 

BB 

1 1 

4 

B  B  B 

i  l  1 

i£  1? 

_L 

v203C(14Bkb) 

XX  x  XX 

BB  |  B  |  B _ B  B  |BB  b[|  v193A(1 35kb) 


C  RG30H15  Skb 

TDD  D  Three  Mffls  D  Tf-EI  Long  LI  D  spcDNA 

HERV-H  D7S522  Long  LI 

Figure  1  (a)  Schematics  showing  the  position  of  FRA7G  relative  to  CEPH  YACs  921B4,  831 B 12,  and  746H5,  and  markers 

D7S522  and  D7S486  (Huang  et  al .,  1997).  (b)  Restriction  maps  of  the  three  PI  clones  and  one  BAC  clone  within  the  FRA7G  region 
and  the  alignment  of  maps  between  these  clones,  (c)  Localization  of  HER-V,  MERs,  spcDNA,  THE-1,  LI,  and  microsatellitc 
sequences  within  BAC  clone  RG30H15  (GenBank  AC002066):  tetranucleotide  repeat  (T);  dinucleotide  repeat  (D);  MER  family; 
THE1  family;  long  LI  repeat  sequences;  human  endogenous  retroviral  sequence  (HERV-H);  and  small  polydispersed  circular  DNA 
(spcDNA) 
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PCR  product  with  D7S522,  and  PI  clone  vl93A  was 
identified  with  primers  specific  for  D7S486.  We  then 
directly  sequenced  one  end  of  PI  clone  v203C  using  the 
T7  primer  and  this  enabled  us  to  develop  PCR  primers 
specific  for  that  end  of  the  clone.  These  primers 
generated  the  correct  sized  PCR  product  using  DNA 
from  PI  clones  v203C  and  vl93A  demonstrating  that 
these  clones  overlap  (data  not  shown). 

We  then  constructed  a  restriction  map  for  the  three 
PI  clones  after  linearizing  the  clones  with  Pvul.  Pvid 
cuts  the  PI  cloning  vector  at  three  sites:  1213  bp, 
7552  bp,  and  10842  bp.  When  we  performed  a 
complete  digestion  of  the  three  PI  clones  with  Pvul 
and  the  DNA  fragments  were  separated  by  pulsed-field 
gel  electrophoresis,  two  small  bands  (which  were 
~  6  Kb  and  ~  3  Kb,  respectively)  and  one  large  band 
(greater  than  100  Kb)  were  observed  for  each  of  the 
clones.  Thus,  there  are  no  Pvul  sites  in  the  PI  clones. 
Similar  analysis  with  Sacll  and  Sgfl  revealed  these 
enzymes  also  did  not  cleave  the  genomic  DNA  from 
this  region. 

We  therefore  linearized  the  three  PI  clones  with  Pvul 
and  then  digested  the  linearized  DNA  with  various 
concentrations  of  BamHl  and  Xhol  to  obtain  partial 
digests  of  the  genomic  DNA  contained  within  the 
clones.  The  digestion  products  were  run  on  two  different 
gels  optimized  for  larger  or  smaller  fragments  and 
transferred  to  nylon  membranes.  We  then  hybridized 
these  membranes  with  radioactively-labeled  probes 
specific  for  the  right  and  then  the  left  end  of  the  PI 
cloning  vector.  Creation  of  the  entire  restriction  map  for 
each  clone  was  accomplished  by  aligning  the  restriction 
site  information  from  both  the  left  and  right  end-specific 
probes.  The  restriction  sites  of  each  PI  clone  and  the 
alignment  of  them  are  shown  in  Figure  lb. 

DNA  isolated  from  the  three  PI  clones  was  digested 
with  various  restriction  endonucleases,  and  the 
resulting  restriction  fragments  were  then  resolved  on 
agarose  gels  and  transferred  to  nylon  backed 
membranes.  These  membranes  were  hybridized  with 
various  oligonucleotides  representing  several  of  the 
potential  trinucleotide  and  minisatellite  repeats;  none 
of  the  oligonucleotides  hybridized  to  the  three  PI 
clones.  However,  the  CGG  and  CTG  oligonucleotides 
did  hybridize  to  the  human  androgen  receptor  cDNA 
in  these  experiments.  Thus,  the  FRA7G  region  does 
not  contain  any  of  the  repeats  represented  in  the 
oligonucleotides  used. 

BAC  clone ,  RG30H15,  is  derived  from  this  region  and 
has  been  completely  sequenced 

Our  strategy  for  the  characterization  of  the  FRA7G 
region  was  to  isolate  clones  covering  this  region,  map 
them  and  then  sequence  them  so  that  we  could 
compare  the  sequence  in  the  FRA7G  region  to  the 
sequence  already  generated  in  the  FRA3B  region. 
However,  a  search  of  GenBank  revealed  that  there  was 
a  BAC  clone,  RG30H 15,  which  is  derived  from  this 
region  (this  BAC  clone  was  identified  using  D7S522) 
which  had  already  been  completely  sequenced 
(GenBank  Accession  number  AC002066).  The  com¬ 
plete  sequence  for  this  BAC  clone  enabled  us  to  alight 
this  BAC  clone  relative  to  the  three  PI  clones  v203B, 
v203C,  and  vl93A.  The  sequence  obtained  for 
RG30H15  also  confirmed  the  restriction  mapping  of 


PI  clones  v203B  and  v203C.  Figure  lb  shows  the 
alignment  of  this  BAC  clone  relative  to  the  three  PI 
clones. 

Based  upon  the  sequence  information  of  the  BAC 
clone,  we  found  there  was  a  tetranucleotide  repeat 
(AGGA)n  near  the  distal  end  of  this  BAC.  We 
constructed  primers  flanking  this  repeat  and  found 
that  the  repeat  is  highly  polymorphic.  Five  dinucleotide 
repeats  were  also  found  in  this  BAC  clone.  Positions  of 
these  repeats  are  shown  in  Figure  lc.  Primers  have 
been  constructed  flanking  the  dinucleotide  repeats  and 
determination  of  polymorphism  of  these  repeats  in  the 
human  population  are  ongoing  in  our  laboratory. 
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HS182S  TTCAAATTAGAGTGTGA . TACTTTAGGATGTTAAACATAA . CTATATTAT  397 

iiimiiiii  in  i  mnini  mi  in  i  n  n 

FRA7G  TTCAAATTAGAATGTTACAACTTTAGGAACTTAAGTGTAATCCCCATGAT  148246 
HS182S  ACACAAAGAAAATAGC . . TCGATACACAAAAGAAGAAATTAGAAATGAAT  445 

i  ii  i  ii  mi  i  ii  i  n  iiiiiim  mt  mi 

FRA7G  AACCACAAAATGTAGCTATAGAAAACAAACAGAAGAAATGTGAAAGGAAT  148296 
HS182S  CTAAATATTTCACTACAAAAAAATTAACT AATCACAAAAAAAGACAGT AA  495 

mu  mmmmim  in  iiiiiii  iiiiiii 

FRA7G  TTAAATGTTTCACTACAAAAAAA . TAAACACAAAAGAAGATAATGA  148341 

HS182S  TGCAGGAAATAAGGGGGGGCAGAAAGNCGTAAGG . CTTCTGGAGAGTAAT  544 

i  mi  it  ii  ii  n  i>  mu  ii  i  i  i  i  in  _,oo 

FRA7G  T ATAGGATGTGAAGGATG .  .  AAAATGCTATAAGGCCT ACAGAAAACAAAT  148389 
HS182S  AGC . AAATGACAAAAGAAAGTCCCTCCTCTACCAGTAATTATTTTAAATA  593 

iii  iimm  m  i  ii  i  in  n  iiiiiim  iiiiiii 

FRA7G  AGCAAAATGACAGAAGTATGTGCTTACT  .TAACAGTAATTGCTTTAAATG  148438 
HS182S  TAAGTGGTTTAACCTCTCCAGTCAAAGGACAGAGTTTGGCAGAATGGATT  643 

limn  in  inn  i  inn  mini  iniinim  n  ,  _ 

FRA7G  TAAGTGGCATAAGCTCTCAAATCAAAAGACAGAGATTGGCAGAATGAATA  148488 
HS182S  TTTAAAATGGTCCAATTATGGGCTATCTATAAGAAATTCACTTrAGATC  692 

i  n  i  eii  m  in  mi  ii  i  i  imiimiii  _ 

FRA7G  AAATACGTGATTCAAATATATGCTGTCTACAAAAGACTCACTTTAGATC  148537 


TCTCAATAAAGGTAAATTCATAGACAATTATAGAAGCTAATATTATTGTC  147927 

mi  1 1 1 n 1 1 1 n  i  i  mum  mm  niiniii  , , 

’TCTCCGTAAAG'TrAAAAATGTGGGCAATTATAAAAGCTACTrATrATTGTA  106268 
ACAATGGTCTATTA.  .  .  . CTlTreyiTiyrA^TGGTTTAAAAI^CrMT  147973 
ATAATGCTTTGTTAACTCCATTTTTTTTCTACATG. . ATATGAGACTAAT  106240 
ACATTAAA. ' . AATAATCTAAAAGCTGGTAATATTGTAATTTTGACTTAT  148020 

_ ii  n  i  ii  iiimiiiii  in  iimm  mi  n  i  _ 

TTTTTTAAATTATTAGTCTAAAAGCTAGTATTATTGTAACTTTGGTTTGT  106190 


AAATCCACAT . i . . TTTTTAACATAATTTAAGAGACTAATAC . .CATTTA  148064 

JUL-IILLHIa-a  J  1 1  L1J1I11! !  liLiliiliLi.l  1 11  who 


AATAATTATTAATGTATTTTGGACATCATCTATAAAGA . CATAATTGTGT  148113 

ii  n  i  i  in  i  in  n  ii  mi  inn  i  i 

AAATATCAGTTTATATTTTAGAGCATATTGCATGAAGATGTTAATTTTTT  106090 
GACATCAACAA'rrGAAAGGGGTGAGAATGAAGTTGTTAAAGGAACAGAGA  148163 

i  mm  mi  mi  iii  i  i  11  i  n  mi  n  i  > 

GTCATCAATAATTTAAAGAAGTGGGGACAGAGAAG . TAGAGGAGCAATGT  106041 
TTTTGTGTACTATIGAAGTTACTTrGGAAC&AATTCAAATTAGAATGTTA  148213 

mm  i  inn  mm  in  i  n  i  nmnnn  i 

TTTTGTATGTTATTAAAGTTAAGCTGGTATAATTCCAAATTAGAAT.CGA  105992 
CAACTTTAGGAACTTAAGTGTAATCCCCATGATAACCACAA. . AATGTAG  148261 

minim  nil  i  iiiiiii  ii  iiii  mi  u  m 

TAACTTTAGGATATTAAATATAATCCCTGTGGTAACTACAAAGAAAATAG  105942 
CTATAGAAAACAAACAGAAGAAATGTGAAAGGAATITAAATGTTTCACTA  148311 

iiii  i  i  n  mm  I  I  1  I  I  I  I  I  l  I  I  I  I  I  1  1  I  I  I  I  III  I  _ 

ATATACACA . AGGGGAAATGAGAAAGGAATTTAAATGTTTCACTA  105898 

CAAA.  . .  . AAAATAAACACAAAAGAAGATAATGATATAGGATGTG  148352 

iiii  in  in  m  mini  i  iiii  iiii  ii 

CAAAAAATAAACTAACAACACAAGAAGflCAGTGATCCAGGAAATG  105853 


Figure  2  FASTA  alignment  of  spcDNA  clone  HS182S  relative 
to  sequences  within  FRA7G  (a),  as  well  as  spcDNA  sequences  in 
FRA7G  relative  to  those  in  FRA3B  (b) 
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These  repeats  should  be  very  useful  for  the  character¬ 
ization  of  chromosomal  loss  in  this  region  in  various 
cancers.  The  BAC  clone  also  contains  other  interesting 
repeats  such  as  THE1,  MER,  and  long  LI  sequences 
(Figure  lc). 

The  sequence  information  for  the  BAC  clone  also 
revealed  two  very  interesting  sequences  present  in  this 
region.  We  found  a  5.8  Kb  human  endogenous 
retroviral  sequence  beginning  at  nucleotide  position 
33870  within  RG30H15  (Figure  lc).  This  sequence  was 
found  to  be  92.2%  homologous  to  the  human 
retroviral  sequence  HERV-H  (GenBank  Accession 
Number  Ml 8048).  We  also  observed  a  sequence  that 
was  highly  homologous  to  small  polydispersed  circular 
DNA  (spcDNA)  (GenBank  X96885)  beginning  at 
nucleotide  position  148040  within  RG30H15  (Figure 
lc).  This  may  be  very  important  as  spcDNA  sequences 
have  been  observed  in  the  110  Kb  of  sequence  obtained 
within  the  FRA3B  region  (Boldog  et  al. ,  1997).  Figure 
2  shows  a  FASTA  alignment  between  spcDNA  clone 
1-82  (HS182S),  and  spcDNA  sequences  obtained  in  the 
regions  containing  FRA3B  and  FRA7G.  We  found  a 
73.2%  identity  between  spcDNA  clone  1-82  and 
FRA7G  (Figure  2a),  and  a  75.1%  identity  between 
an  spcDNA  sequence  within  FRA3B  and  the  one 
identified  in  BAC  RG30H15  (Figure  2b).  There  were 
no  trinucleotide  or  minisatellite  repeats  present  in  the 
sequence  from  this  BAC  clone.  This  provides  further 
evidence  that  repeats  similar  to  those  found  at  rare 
fragile  sites  are  probably  not  responsible  for  fragility  at 
the  common  fragile  sites. 

FISH-based  analysis  of  PI  and  BAC  clones  relative  to 
FRA7G 

FISH-based  analysis  within  3pl4.2  revealed  that 
breakage  within  the  FRA3B  region  occurs  over  a 
region  of  at  least  300  Kb  (Wilke  et  al. ,  1996;  Wang  et 
al. ,  1997;  Zimonjic  et  al.,  1997).  Cosmids  in  the  middle 
of  this  region  would  hybridize  proximal,  distal,  or 
across  the  region  of  aphidicolin-induced  breakage  in 
different  metaphases  at  approximately  equal  frequen¬ 
cies.  The  center  of  this  region  of  breakage  was  found  to 
contain  an  HPV16  viral  integration  site,  thus  linking 
instability  within  a  fragile  site  with  a  region  that  would 
preferentially  integrate  exogenous  viral  sequences. 

We  were  therefore  interested  in  analysing  the 
FRA7G  region  to  determine  if  breakage  occurred 
over  a  large  region  and  to  define  the  apparent 
‘center’  of  such  a  region.  The  three  PI  and  one  BAC 
clone  were  thus  used  as  FISH-based  probes  against 
aphidicolin-induced  FRA7G  breakpoints  to  determine 
the  frequency  that  they  would  hybridize  proximal, 
distal,  or  actually  cross  the  region  of  breakage.  The 
first  clone  analysed  was  PI  clone  v203B.  When  this 
clone  was  hybridized  to  20  metaphases  containing 
FRA7G  breakpoints,  it  hybridized  distal  to  the  region 
of  breakage  in  16  metaphases.  However,  in  two 
metaphases  this  PI  clone  hybridized  proximal  to  the 
region  of  breakage  and  in  two  metaphase  it  hybridized 
across  the  region  of  breakage.  This  demonstrates  that 
breakage  occurs  over  a  relatively  large  region,  but  that 
this  clone  is  clearly  distal  to  the  region  where  the 
majority  of  aphidicolin-induced  breakage  occurs. 

PI  clone  v203c,  which  is  localized  proximal  to 
v203B,  was  hybridized  to  31  metaphases  that  had 


Tabic  1  The  positions  of  PI  and  BAC  clones  relative  to  breaks  of 
FRA7G  by  FISH  analysis  _ 


Clones 

N 

%Prox  %  Crossing 

%Dist 

%  Prox- 
%>Dist 

v203B 

20 

10 

10 

80 

-70 

RG30H15 

22 

9.1 

27.3 

63.6 

-54.5 

v203C 

31 

25.8 

32.3 

41.9 

-16.1 

vl93A 

41 

63.4 

22 

14.6 

48.8 

Note:  N,  the 

number 

scored 

of  mclaphase 

spreads 

with  FRA7G 

expression.  The  %Prox.  % Dist  and  %Crossing  refer  to  the 
percentage  of  the  time  that  FISH  signals  were  seen  proximal, 
distal,  or  across  the  breaks  of  FRA7G  in  different  cells,  respectively 


FRA7G  breakpoints.  This  clone  hybridized  proximal 
to  the  aphidicolin-induced  breakpoint  in  8  metaphases, 
distal  in  13  metaphases,  and  crossed  the  region  of 
breakage  in  10  metaphases.  PI  clone  v!93A,  the  most 
proximal  of  the  clones  analysed,  was  hybridized  to  41 
metaphases  containing  FRA7G  breakpoints.  This  clone 
hybridized  proximal  to  the  aphidicolin-induced  break¬ 
point  in  26  metaphases,  crossed  the  breakpoint  in  9 
metaphases,  and  hybridized  distal  in  6  metaphases. 
Finally  BAC  clone  RG30H15,  which  covers  most  of  PI 
clone  v203B  and  contains  additional  proximal 
sequences,  was  hybridized  to  22  metaphases  with 
FRA7G  breakpoints.  This  clone  hybridized  proximal 
to  the  aphidicolin-induced  breakpoint  in  2  metaphases, 
crossed  the  breakpoint  in  6  metaphases,  and  hybridized 
distal  to  the  breakpoint  in  14  metaphases.  The  results 
obtained  with  the  three  PI  clones  and  one  BAC  clone 
are  very  similar  to  results  obtained  with  clones  in  the 
FRA3B  region  and  demonstrate  that  aphidicolin- 
induced  breakage  in  this  region  occurs  across  a  region 
at  least  300  Kb  in  size.  All  of  these  results  are 
summarized  in  Table  1;  also  included  on  this  Table  is 
the  difference  between  the  incidence  of  probes 
hybridizing  proximal  and  distal  hybridization  with 
each  of  the  clones  tested. 

Figure  3  shows  several  representative  hybridizations 
to  aphidicolin-induced  metaphases  with  breakage  in  the 
FRA7G  region.  Figure  3a  shows  one  of  the 
metaphases  hybridized  with  PI  clone  vl93A  where  it 
can  be  clearly  seen  that  the  clone  hybridizes  proximal 
to  the  region  of  breakage.  Figure  3b  shows  one  of  the 
metaphases  hybridized  with  PI  clone  v203B,  and  here 
the  clone  hybridized  distal  to  the  region  of  breakage. 
Figure  3c  shows  the  result  obtained  when  one  of  the 
metaphases  was  hybridized  with  PI  clone  v203C;  this 
clone  clearly  hybridized  across  the  region  of  breakage. 
Figure  3d  shows  the  R  banding  of  the  same  metaphase 
seen  in  Figure  3c  which  demonstrates  that  the 
chromosome  7  breakage  in  this  particular  metaphase 
occurs  in  band  7q31.2,  which  is  precisely  where 
FRA7G  resides. 

Figure  4  is  a  histogram  depicting  the  absolute  value 
of  the  difference  between  the  percent  of  the  time  that  a 
particular  clone  hybridized  proximal  to  the  region  of 
aphidicolin-induced  breakage  minus  the  percent  of  time 
that  the  clone  hybridized  distal  to  the  region  of 
breakage.  This  Figure  demonstrates  that  clone  v203C 
is  approximately  in  the  middle  of  the  FRA7G  region. 
The  full  size  of  the  FRA7G  region,  or  how  large  the 
region  where  aphidicolin-induced  decondensations/ 
breakage  occurs,  remains  unknown  as  there  are  still  a 
significant  number  of  aphidicolin-induced  breakpoints 
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Figure  3  Representative  FISH  hybridizations  to  metaphase  spreads  of  aphidicolin-induced  chromosome  7-only  somatic  cell  hybrid 
1HL11-G:  (a)  A  metaphase  showing  hybridization  signal  obtained  with  PI  clone  vl93A  hybridizing  proximal  to  FRA7G 
decondensation/breakdage;  (b)  Partial  metaphase  showing  FISH  hybridization  of  PI  clone  v203B  distal  to  the  breakage  of  FRA7G; 
(c)  A  metaphase  spread  illustrating  the  FISH  signal  of  PI  clone  v203C  is  split  by  FRA7G  breakage;  (d)  R-banding  of  the 
chromosomes  shown  in  (c) 
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which  occur  proximal  to  clone  v203B  and  distal  to 
clone  vl93A.  Also  included  on  this  Figure  is  a 
histogram  showing  the  percent  of  time  a  particular 
clone  hybridized  across  the  region  of  FRA7G  break¬ 
age.  Although  less  striking,  this  too  demonstrates  that 
clone  v203C  is  approximately  in  the  middle  of  the 
FRA7G  region. 


Discussion 

The  mechanism  for  the  instability  of  the  common 
fragile  sites  and  the  role  that  these  sites  play  in  cancer 
development  is  unclear.  Based  upon  the  cytogenetic 
location  of  the  common  fragile  sites  and  the  position  of 
breakpoints  and  rearrangements  observed  throughout 
the  genome  in  human  cancers,  Yunis  and  Soreng 
(1984)  first  proposed  that  the  fragile  sites  could  be 
predisposing  the  chromosomes  to  breakage  and  thus 
could  play  a  key  role  in  cancer  development.  The 


analysis  of  the  sequence  for  much  of  FRA3B,  the  most 
active  of  the  common  fragile  sites,  has  not  revealed 
why  the  FRA3B  region  is  so  unstable.  However,  the 
molecular  characterization  of  FRA3B  has  demon¬ 
strated  that  cancer  breakpoints  and  rearrangements 
do  indeed  occur  right  within  the  FRA3B  region  at  the 
molecular  level  (Boldog  et  al. ,  1997;  Shridhar  et  al. , 
1996,  1997).  We  were  therefore  interested  in  analysing 
another  common  fragile  site  to  determine  if  a 
comparison  between  different  fragile  sites  would  give 
insights  into  their  mechanism  of  instability  and  also  to 
determine  if  the  position  of  cancer  breakpoints  at 
another  fragile  site  coincided  with  the  precise  location 
of  that  fragile  site. 

We  chose  to  characterize  FRA7G,  as  alterations  in 
the  7q31.2  region  are  frequently  observed  in  a  number 
of  different  tumors  including  breast  (Zenklusen  et  al ., 
1994a;  Lin  et  al ,  1996;  Devilee  et  al. ,  1997),  prostate 
(Zenklusen  et  al. ,  1994b;  Takahashi  et  al. ,  1995;  Latil 
et  al. ,  1995;  Jenkins  et  al. ,  manuscript  in  preparation), 
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V203B  RG30H15  v203C  v193A 


P1/BAC  Clones 

Figure  4  Histogram  of  the  FISH  analysis  with  PI  and  BAC 
clones.  The  results  are  expressed  in  terms  of  the  percentage  of  the 
time  that  FISH  signals  of  each  clone  were  observed  across  the 
region  of  breakage  in  FRA7G  (black)  and  the  absolute  value  of 
the  difference  between  the  percentage  of  the  time  that  a  individual 
clone  hybridized  distal  or  proximal  to  the  gaps  or  breaks  of  the 
fragile  site  (grey  shading).  The  lower  the  absolute  value  of  the 
difference  between  the  percentage  of  the  time  that  a  clone  was 
distal  or  was  proximal  to  the  region  of  aphidicolin-induced 
breakage,  the  more  often  the  hybridization  signal  was  seen 
equally  on  both  sides  of  FRA7G 


and  ovarian  cancer  (Zenklusen  et  a /.,  1995b;  Koike  et 
al .,  1997).  However,  the  FRA7G  fragile  site  is 
expressed  at  considerably  lower  levels  than  FRA3B; 
thus,  we  concentrated  our  efforts  on  a  chromosome  7- 
only  somatic  cell  hybrid.  The  frequency  of  expression 
of  FRA7G  in  this  hybrid  was  not  greater  than  what 
would  have  been  observed  in  human  lymphocytes,  but 
the  ease  of  identifying  the  chromosome  7  in  the  hybrid 
facilitated  our  analysis  of  the  large  number  of 
metaphases  which  we  needed  to  examine  to  find 
sufficient  FRA7G  breakpoints  for  our  FISH-based 
analysis.  By  using  a  FISH-based  mapping  approach, 
we  previously  defined  the  FRA7G  region  within  three 
YAC  clones  in  the  region  surrounding  a  microsatellite 
marker  that  has  been  described  as  the  most  frequently 
deleted  in  a  number  of  different  tumors  (Huang  et  al. , 
1998).  In  order  to  further  characterize  FRA7G,  we 
identified  three  PI  clones  from  the  FRA7G  region. 
Restriction  endonuclease  mapping  of  these  clones 
revealed  that  they  overlap.  In  addition,  we  found  that 
RG30H15,  a  BAC  clone  which  has  been  completely 
sequenced,  localized  right  in  the  middle  of  our  PI 
contig. 

The  five  cloned  folate-sensitive  rare  fragile  sites  each 
contain  a  CGG  repeat  which  is  amplified  and 
methylated  in  individuals  who  demonstrate  fragility  at 
these  sites  (Verkerk  et  al. ,  1991;  Knight  et  al.,  1993; 
Ritchie  et  al. ,  1994;  Jones  et  al.,  1994;  Nancarrow  et 
al.,  1994).  The  sixth  cloned  rare  fragile  site  is  the 
distamycin  A-inducible  fragile  site,  FRA16B.  This 


fragile  site  contains  an  expanded  33  bp  AT-rich 
minisatellite  sequence  in  individuals  that  express  this 
site  (Yu  et  al. ,  1997).  We  previously  constructed  a 
350  Kb  cosmid  contig  across  the  aphidicolin-inducible 
common  fragile  site  FRA3B  and  found  no  evidence  for 
the  presence  of  any  trinucleotide  repeats  in  this  region 
(Paradee  et  al.,  1996).  There  were  also  no  minisatellite 
repeats  in  the  110  Kb  of  sequence  generated  in  this 
region  by  Boldog  et  al.  (1997).  The  hybridization  of 
various  trinucleotide  repeats  to  the  PI  clones  from  the 
FRA7G  region  failed  to  detect  any  repeats,  and  there 
was  no  large  extended  repeat  sequence  present  in  the 
150  Kb  of  sequence  derived  from  BAC  clone 
RG30H15.  These  results  suggest  that  the  mechanism 
of  instability  in  the  two  cloned  common  fragile  sites, 
FRA3B  and  FRA7G,  are  distinct  from  the  instability 
which  occurs  in  the  rare  fragile  sites  associated  with 
expansions  of  tri-  or  mini-satellite  repeat  sequences. 

The  results  of  our  FISH-based  analysis  of  aphidico¬ 
lin-induced  breakage  in  the  FRA7G  region  demon¬ 
strate  that  breakage  occurs  throughout  this  region.  PI 
clone  v203B  hybridized  distal  to  FRA7G  breakpoints 
in  16  out  of  20  metaphases.  However,  this  clone 
hybridized  proximal  to  FRA7G  breakpoints  in  2  of  20 
metaphases.  Conversely,  the  most  proximal  PI  clone 
analysed,  vl93A,  hybridized  proximal  to  FRA7G 
breakpoints  in  26  of  41  metaphases.  This  clone, 
however,  hybridized  distal  to  FRA7G  breakpoints  in 
6  of  41  metaphases.  These  results  demonstrate  that 
breakage  in  the  FRA7G  region  extends  over  a  region 
of  at  least  300  Kb.  This  result  is  identical  to  the  results 
obtained  in  the  FRA3B  region  (Wilke  et  al ,  1996; 
Wang  et  al ,  1997;  Zimonjic  et  al ,  1997).  Thus  for  two 
of  the  first  cloned  and  characterized  common  fragile 
sites,  there  does  not  appear  to  be  any  repeat  sequences 
responsible  for  fragility  and  aphidicolin-induced 
chromosomal  breakage  occurs  over  a  region  which  is 
probably  greater  than  300  Kb.  One  of  the  cosmids  in 
our  350  Kb  contig  surrounding  the  FRA3B  region 
appears  to  lie  within  the  center  of  that  fragile  site.  It  is 
thus  very  interesting  to  note  that  there  was  an  HPV16 
viral  integration  site  within  that  cosmid  and  a  sequence 
with  considerable  homology  to  spcDNA.  The  sequence 
obtained  from  BAC  clone  RG30H15  reveals  the 
presence  of  another  sequence  with  considerable 
homology  to  spcDNA  as  well  as  sequences  correspond¬ 
ing  to  HERV-H  DNA. 

Evidence  has  been  accumulating  that  spcDNA  is 
associated  with  genomic  instability  in  human  cells 
(Cohen  et  al,  1997).  spcDNAs  can  also  be  induced  or 
increased  by  DNA  damaging  agents  (Cohen  and  Lavi 
1996;  Cohen  et  al,  1997)  and  inhibitors  of  DNA 
synthesis,  including  the  common  fragile  site  inducer 
aphidicolin  (Sunnerhagen  et  al,  1989).  The  presence  of 
sequences  with  considerable  homology  to  spcDNA 
right  in  the  middle  of  two  of  the  common  fragile  sites 
may  therefore  not  be  coincidental.  While  it  is  at  present 
uncertain  if  spcDNA  sequences  are  a  primary  cause  of 
fragility  in  both  FRA3B  and  FRA7G  as  well  as  other 
common  fragile  sites,  it  is  attractive  to  speculate  that 
these  sequences  may  play  some  role  in  the  instability  in 
these  regions. 

It  has  been  hypothesized  that  the  regions  containing 
fragile  sites  are  late  replicating  (Laird  et  al,  1987).  This 
was  first  demonstrated  for  FRAXA  by  Hansen  et  al 
(1993).  The  normal  FMR1  alleles  replicate  late  in 


S-phase,  and  this  replication  is  further  delayed  in  this 
region  when  there  is  expansion  of  the  trinucleotide 
repeat  (Hansen  et  al. ,  1993).  Aphidicolin  is  an  inhibitor 
of  DNA  polymerases  a  and  8;  an  attractive  hypothesis 
to  explain  fragility  at  the  common  fragile  sites  is  that 
these  regions  are  also  late  replicating  and  the  inhibition 
of  replication  with  aphidicolin  further  delays  this 
replication  resulting  in  instability  in  these  regions. 
Using  a  FISH-based  technique,  we  recently  demon¬ 
strated  FRA3B  sequences  are  indeed  late  replicating, 
and  that  exposure  to  aphidicolin  results  in  a  further 
delay  in  the  timing  of  replication  (LeBeau  et  al ,  1998). 
Studies  of  DNA  replication  in  the  region  of  the  cystic 
fibrosis  gene  at  7q3 1 .2  showed  that  the  region 
immediately  proximal  to  the  MET  oncogene,  which 
localizes  precisely  within  the  FRA7G  region  (Huang  et 
al. ,  1997),  is  a  late  replicating  region  (Selig  et  al ,  1992). 
This  would? 'support  the  hypothesis  first  proposed  by 
Laird  et  al  (1987);  however,  not  all  late  replicating 
regions  are  sensitive  to  aphidicolin  and  thus  other 
factors  must  be  playing  a  role  in  the  exquisite 
sensitivity  of  most  of  the  common  fragile  sites  to 
aphidicolin  treatment. 

Although  there  are  likely  to  be  many  different  causes 
of  chromosomal  fragility,  it  has  been  shown  in  at  least 
one  case  that  a  fragile  site  can  correspond  to  a  region 
of  incompletely  condensed  chromatin  (Durnam  et  al. , 
1986).  Agents  that  result  in  incomplete  condensation  in 
specific  chromosomal  regions  could  potentially  explain 
why  fragile  sites  are  genetically  recombinogenic  and 
why  certain  fragile  sites  serve  as  preferential  targets  for 
viral  or  plasmid  integration  (Rassool  et  al ,  1991;  Smith 
et  al. ,  1992;  van  der  Drift  et  al. ,  1994).  Wilke  et  al. 
(1996)  showed  that  a  clone  derived  from  the  apparent 
center  of  the  FRA3B  region  contains  an  HPV16  viral 
integration  site.  We  have  recently  observed  that  the 
viral  integration  site  is  a  hot  spot  for  homozygous 
deletion  in  a  number  of  different  tumor-derived  cell 
lines  (Wang  et  al. ,  1998).  It  has  been  observed  that 
infection  of  human  cells  with  adenovirus  type  2  or  5 
induces  chromosomal  fragility,  and  the  virus  infection 
and  aphidicolin  treatment  have  a  synergistic  effect  on 
the  expression  of  the  common  fragile  sites  (Caporossi 
et  al ,  1991);  this  synergism  suggests  that  both  of  these 
agents  are  targeting  the  same  sequences  within  the 
fragile  sites.  FRA7G  does  not  have  an  HPV16  viral 
integration  site,  as  has  been  observed  for  FRA3B,  but 
it  does  contain  an  HERY-H  sequence.  While  we  do  not 
know  if  the  HERV-H  sequence  is  a  major  cause  of 
fragility  in  the  FRA7G  region  or  simply  a  marker  for 
this  property,  it  is  attractive  to  speculate  that  the 
common  fragile  sites  are  hot  spots  for  the  integration 
of  exogenous  DNA  sequences,  especially  viral  se¬ 
quences.  The  association  of  specific  types  of  cancer 
with  viral  infection,  especially  in  the  case  of  cervical 
cancer  (Cannizzaro  et  al. ,  1988;  Wagatsuma  et  al ., 
1990),  suggests  there  may  indeed  be  a  direct  link 
between  .  viral  integration  and  the  initiation  of 
carcinogenesis. 

We  now  have  the  reagents  in  hand  to  begin  to 
characterize  two  of  the  common  fragile  sites  in  greater 
detail.  In  addition,  the  maturity  of  the  human  genome 
mapping  efforts  has  facilitated  the  more  rapid  cloning 
of  additional  common  fragile  sites.  A  comparison 
between  a  number  of  the  common  fragile  sites  should 
give  greater  insights  into  similarities  between  these  sites 
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and  the  mechanism  of  instability  in  these  regions.  We 
are  also  characterizing  chromosome  breakpoints  in  the 
vicinity  of  these  two  common  fragile  sites  in  a  number 
of  different  tumor  types  to  determine  the  role  these 
sites  play  in  chromosome  breakage  arid  rearrangements 
during  cancer  development. 


Three  PI  clones  (vl93A,  v203B,  and  v203C)  were  obtained 
from  Vysis,  Inc.  (Downer’s  Grove,  IL).  These  clones  were 
identified  by  PCR  screening  of  a  PI  library  using  primers 
for  D7S522  and  D7S486.  A  BAC  clone  (RG30H15)  was 
purchased  from  Research  Genetics,  Inc.  (Huntsville,  AL). 
PI  clones  were  maintained  in  E.  coli  strain  NS3529  and  the 
BAC  clone  was  maintained  in  E.  coli  strain  HBlOl/r.  Both 
PI  and  BAC  clone  DNAs  were  purified  using  the  protocol 
recommended  by  QIAGEN  using  their  QIAGEN-tip  100 
column  (QIAGEN,  Chatsworth,  CA).  DNA  preparations 
were  analysed  by  agarose  gel  electrophoresis  to  be  certain 
that  there  was  no  RNA  present  in  the  preparations  and  to 
assay  for  the  presence  of  bacterial  host  DNA. 


The  restriction  endonucleases  used  in  these  experiments 
(Pvul,  BamHl,  Xhol ,  Sacll,  Sgfl,  and  iscpRI)  were 
obtained  from  Promega  (Madison,  WI).  The  complete 
digestion  of  the  PI  vector  and  partial  restriction  digestion 
of  the  genomic  DNA  in  the  PI  clones  was  performed  using 
the  procedure  described  by  MacLaren  and  Clarke  (1996). 
Pvul  restriction  endonuclease  (21  units)  was  added  to  70  fi\ 
of  reaction  solution  containing  3.5  jig  PI  clone  DNA.  This 
mixture  was  then  divided  into  30  p\,  20  jA,  and  20  ji\ 
portions  in  order  to  perform  three  serial  dilutions  of  the 
restriction  endonucleases  which  we  wanted  to  generate 
partial  digestion  products.  Restriction  endonucleases 
(0.033  units)  was  added  into  the  30  fA  sample.  Ten 
microliters  of  this  sample  was  transferred  to  the  first 
20  p\  sample  and  mixed  and  then  10  jA  of  this  mixture  was 
transferred  to  the  second  20  p\  sample.  All  samples  were 
then  incubated  at  37°C  for  1  h  and  then  mixed  with  5  x 
type  1  gel  loading  buffer  (Sambrook  et  al ,  1989).  A  10  /ri 
portion  of  each  digested  sample  was  fractionated  by  pulsed 
field  gel  electrophoresis  on  a  30-lane  1%  agarose  gel  in 
0.5  xTBE  buffer  (Sambrook  et  al ,  1989).  The  gel  was  run 
for  7  h  with  a  linear  ramp  from  0.1  to  3.5  s  for  small 
fragments,  and  17  h  with  a  linear  ramp  from  0.2  to  9  s  for 
large  fragments.  All  the  molecular  weight  standards  were 
from  Gibco-BRL  (Gaithersberg,  MD). 


DNA  fragments  were  transferred  to  Hybond-N  (Amer- 
sham)  membranes  using  the  downward  blotting  protocol 
(MacLaren  and  Clarke,  1996).  Gels  were  not  compressed 
with  any  weight.  This  method  improves  the  transfer  of 
large  DNA  fragments  and  DNA  depurination  is  not 
necessary.  The  nylon  membranes  were  washed  for  5  min 
in  2  x  SSC  and  baked  in  a  vacuum  oven  at  84°C  for  2  h. 
Southern  blots  were  hybridized  with  random-primer  32P- 
dCTP  labeled  probes  (>  109  c.p.m./^g)  in  a  phosphate 
buffer-based  Church  buffer  at  68°C  as  described  by 
Schifman  and  Stein  (1995). 

Probes  from  the  two  ends  of  the  PI  cloning  vector  were 
generated  from  PCR  amplified  fragments  of  the  PI  vector. 
The  left  and  right  probe  primer  pairs  (pLF,  pLB;  pRF,  pRB) 
were  the  pairs  described  by  MacLaren  and  Clarke  (1996). 


Materials  and  methods 

Preparation  of  PAC  and  BAC  DNAs 


Restriction  endonuclease  mapping  of  the  PAC  clones 


Southern  blot  analysis 
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The  PCR  products  for  the  left  and  right  end  probes  were 
780  bp  and  470  bp,  respectively.  The  PCR  conditions  to 
amplify  these  probes  were:  Final  volume  of  50  /d,  final 
concentrations  of  1  xPCR  buffer  (50  mM  KC1,  10  mM  Tris- 
HC1,  0.1%  Triton  X-100,  1.5  mM  MgCl2)  (Promega, 

Madison,  Wl),  0.1  mM  of  each  of  nucleotide,  1  ng  PI  clone 
DNA,  12.5  pmol  of  primers,  and  3  units  Taq  DNA 
polymerase  (Promega)  were  combined.  Reactions  were 
cycled  35  times  with  30  s  at  94°C,  30  s  at  55°C,  and  1  min 
at  72°C. 


Production  of  chromosome  spreads  and  induction  of  FRA  7G 

The  human-hamster  hybrid  cell  line,  1HL11-G.  was 
obtained  from  the  Human  Genetic  Mutant  Cell  Reposi¬ 
tory  at  the  Coriell  Institute  for  Medical  Research  in 
Camden,  New  Jersey  (repository  number  GM 10791).  This 
cell  line  contains  a  single  chromosome  7  as  its  only  human 
component  (Jones  et  al .,  1990;  Ledbetter  et  al. ,  1990; 
Green  et  al .,  1991).  Chromosome  preparation  and  fragile 
site  induction  were  modified  from  published  procedures 
(Kuwano  et  al .,  1990;  Hirsch,  1991;  Green  et  al.,  1994). 
Briefly,  cells  were  cultured  in  MEM  a  medium  with  10% 
fetal  calf  serum,  100  units/ml  penicillin,  and  100  /*g/ml 
streptomycin.  Aphidicolin  dissolved  in  70%  ethanol  was 
added  to  a  final  concentration  of  0.2  pM  and  methotrexate 
(MTX)  at  a  final  concentration  of  1  x  10-5  M  was  added 
24  h  after  subculturing.  Cultures  were  further  maintained 
for  another  17  h  and  then  the  cells  were  washed  twice  in 
Hank’s  solution,  and  cultured  for  another  7  h  in  medium 
with  BrdU  (25  pg/m\)  without  aphidicolin  and  MTX. 
Ethidium  bromide  (8  /ig/ml)  and  colcemid  (0.02  pg/ ml) 
were  added  for  the  last  2  h.  Cells  were  then  processed  using 
traditional  cytogentic  procedures  for  the  preparation  of 
metaphase  spreads. 


PAC  and  BAC  clones  used  for  FISH  analysis 

PI  and  BAC  clone  DNAs  were  labeled  with  Biotin- 1 6- 
dUTP  (Boehringer-Mannheim,  Indianapolis,  IN)  using  a 
nick  translation  kit  (Boehringer-Mannheim).  Techniques 
for  hybridization  of  labeled  PI  and  BAC  DNA  probes  to 
metaphase  spreads  and  FISH  analysis  were  identical  to 
those  described  by  us  previously  (Huang  et  al.,  1998). 

Hybridization  of  trinucleotide  and  minisatellite  repeats  to  the 
PAC  contig  across  the  FRA7G  region 

Oligonucleotide  hybridizations  to  the  PAC  clones  were 
performed  by  labeling  oligonucleotides  with  3-P-ATP  using 
T4  polynucleotide  kinase  (Gibco-BRL)  and  hybridized 
overnight  at  37°C  to  Southern  transferred  PAC  DNA  in 
oligo  hybridization  solution.  The  oligonucleotides  used  in 
this  screening  were  synthesized  by  Gibco-BRL  or  in  the 
Mayo  Foundation  Molecular  Facility  Core.  These  repeats 
include  p(CGG)„,  p(CTG))7,  p(ATATATTATATATTA- 
TATCTAATAATAT(/aTA),  p(CTA)n,  p(TAT)l7, 
p(GTA)14.  p(CCT)„,  p(TGG)13,  p(CGT)t4  and  p(GAA)l7. 
As  a  positive  control  we  included  a  cDNA  for  the  human 
androgen  receptor  which  has  a  (CGG)  repeat  and  a  (CAG) 
repeat  in  it. 
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Fragile  sites  appear  as  breaks,  gaps,  or  decondensa¬ 
tions  on  metaphase  chromosomes  when  cells  are 
grown  under  specific  culture  conditions.  The  breaks 
are  nonrandom,  appearing  in  defined,  conserved  loca¬ 
tions  throughout  the  mammalian  genome.  Common 
fragile  sites,  as  their  name  implies,  are  present  in  vir¬ 
tually  all  individuals.  With  three  common  fragile  sites 
cloned,  their  mechanism  of  expression  and  the  role,  if 
any,  they  play  in  human  disease  are  still  unclear.  We 
have  assembled  a  BAC  contig  of  >1  Mb  across  the 
second  most  active  common  fragile  site,  FRA16D 
(16q23.2).  We  fluorescently  labeled  these  BACs  and 
used  them  as  probes  on  metaphases  from  aphidicolin- 
induced  lymphocytes  and  demonstrated  that  FRA16D 
decondensation/breakage  occurs  over  a  region  of  at 
least  1  Mb.  Thus,  this  is  the  largest  common  fragile  site 
cloned  to  date.  Microsatellite  markers  that  map  within 
FRA16D  show  a  very  high  loss  in  prostate,  breast,  and 
ovarian  tumors,  indicating  that  loss  within  this  fragile 
site  may  be  important  in  the  development  or  progres¬ 
sion  of  these  tumors.  In  addition,  a  common  t(14q32; 
16q23)  translocation  is  observed  in  up  to  25%  of  all 
multiple  myelomas  (MM).  We  localized  four  of  four 
such  cloned  t(14;16)  MM  breakpoints  within  the 
FRA16D  region.  This  work  further  demonstrates  that 
the  common  fragile  sites  may  play  an  important  role  in 
cancer  development.  ©  2000  Academic  Press 


INTRODUCTION 

• 

Fragile  sites  appear  as  breaks,  gaps,  or  decondensa¬ 
tions  on  metaphase  chromosomes  (Sutherland,  1979). 
4  These  nonrandom  breaks  appear  in  defined  locations 
'  on  human  chromosomes  under  appropriate  conditions. 

1  To  whom  correspondence  and  reprint  requests  should  be  ad¬ 
dressed  at  Mayo  Clinic  Cancer  Center,  Division  of  Experimental 
Pathology,  Department  of  Laboratory  Medicine  and  Pathology,  Mayo 
Foundation,  200  First  Street,  S.W.,  Rochester,  MN  55905.  Tele¬ 
phone:  (507)  266-0309.  Fax:  (507)  266-5193.  E-mail:  smith.david® 
mayo.edu. 


Based  on  the  relative  frequency  of  occurrence  in  the 
general  population,  fragile  sites  have  been  divided  into 
two  classes,  rare  and  common.  Rare  fragile  sites  (RFSs) 
are  sites  inherited  in  a  Mendelian  codominant  fashion 
and  are  observed  in  less  than  5%  of  the  population. 
Common  fragile  sites  (CFSs),  as  their  name  implies, 
are  present  in  virtually  all  individuals.  Variation  in  the 
means  of  induction  allows  for  the  additional  subclassi¬ 
fication  of  the  currently  recognized  28  rare  and  89 
common  fragile  sites.  The  rare  fragile  sites  can  be 
subdivided  into  sites  that  exhibit  folic  acid  sensitivity 
or  are  inducible  by  such  chemicals  as  distamycin  A  and 
bromodeoxyuridine  (BrDU)  (Sutherland  et  al.,  1998). 
The  CFSs  are  subdivided  into  three  categories  based  on 
induction  by  aphidicolin,  5-azacytidine,  or  BrDU 
(Sutherland  et  aL ,  1985;  Glover  et  al. ,  1984).  The  ma¬ 
jority  of  the  CFSs,  however,  are  induced  by  aphidicolin, 
a  DNA  polymerase  a/ 8  inhibitor. 

Several  groups  cloned  the  first  RFS,  FRAXA,  in  1991 
(Oberle  et  aL,  1991;  Kremer  et  al.,  1991;  Verkerk  et  aL, 
1991;  Yu  et  aL,  1991).  This  work  demonstrated  that 
trinucleotide  repeat  expansion  was  responsible  for  the 
instability  within  FRAXA  and  established  the  para¬ 
digm  of  trinucleotide  repeat  instability  in  human  dis¬ 
ease  (Sutherland  et  al. ,  1998).  Since  then,  six  other 
RFSs  have  been  cloned  and  characterized  (Hewett  et 
aL,  1998;  Jones  et  al.,  1995;  Knight  et  al. ,  1993;  Nan- 
carrow  et  al.,  1994;  Parrish  et  al. ,  1994;  Yu  et  aL,  1997). 
These  papers  demonstrated  that  the  expression  of  all 
the  RFSs  is  associated  with  repeat  expansions.  The 
cloned  folate-sensitive  RFSs  all  have  expanded  trinu¬ 
cleotide  repeats,  whereas  the  distamycin  A-sensitive 
RFS,  FRA16B  (Yu  et  al. ,  1997),  and  the  bromode- 
oxyuridine-sensitive  RFS,  FRA10B  (Hewett  et  aL, 
1998),  have  larger  expanded  minisatellite  sequences  at 
the  center  of  their  regions  of  instability. 

A  relationship  between  fragile  sites  and  disease  was 
documented  with  the  rare  fragile  sites,  FRAXA  and 
FRAXE.  These  sites  are  associated  with  heritable  men¬ 
tal  retardation  in  humans,  and  FRA11B  is  implicated 
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in  the  genesis  of  the  chromosomal  deletion  syndrome, 
Jacobsen  syndrome.  The  clinical  significance  of  the 
CFSs,  however,  has  not  yet  been  determined.  Consid¬ 
erable  interest  in  the  CFSs  has  developed  due  to  their 
potential  role  in  the  development  of  cancer.  The  cyto¬ 
genetic  locations  of  many  of  the  CFSs  map  to  regions 
that  are  frequently  altered  or  rearranged  during  can¬ 
cer  development  (Yunis  and  Soreng,  1984).  There  is 
also  evidence  to  suggest  that  CFSs  are  preferred  sites 
of  sister  chromatid  exchange  (Glover  and  Stein,  1987), 
chromosomal  deletion  and  rearrangement  (Wang  et  al , 
1993;  Glover  and  Stein,  1988),  gene  amplification  (Co- 
quelle  et  al ,  1997),  transfected  plasmid  DNA  integra¬ 
tion  (Rassool  et  al .,  1991),  and  viral  integration 
(Popescu  et  al,  1990).  These  data  initiated  a  substan¬ 
tial  effort  toward  the  cloning  and  characterization  of 
the  CFSs.  Initial  work  was  hampered  by  the  lack  of 
molecular  markers,  but  the  enormous  progress  of  the 
Human  Genome  Project  has  greatly  facilitated  efforts 
to  characterize  these  chromosomal  regions.  To  date, 
three  of  the  CFSs,  FRA3B,  FRA7G  (Huang  et  al, 
1998a, b),  and  FRA7H  (Mishmar  et  al,  1998),  have 
been  cloned  and  characterized.  The  region  of  aphidico- 
lin-induced  decondensation/breakage  at  these  CFSs 
extends  for  several  hundred  kilobases,  but  no  particu¬ 
lar  sequences  within  these  regions  are  directly  associ¬ 
ated  with  a  preponderance  of  breakage/decondensa- 
tion.  In  addition,  the  sequences  from  these  regions 
show  no  unstable  micro-  or  minisatellites.  At  least  one 
group  has  suggested  that  the  sequences  at  FRA3B  and 
FRA7H  exhibit  high  flexibility  and  low  stability  by 
computer  modeling  (Mishmar  et  al,  1998);  however, 
the  mechanism(s)  responsible  for  CFS  expression  is 
still  unclear. 

FRA16D  (16q23.2)  is  the  second  most  frequently  ex¬ 
pressed  CFS  behind  FRA3B  (3pl4.2).  There  are  fre¬ 
quent  deletions  within  16q23  in  a  number  of  different 
cancers  including  prostate,  breast,  and  ovarian  cancers 
(Driouch  et  al,  1997;  Lida  et  al,  1997;  Chen  et  al, 
1996;  Dorion-Bonnet  et  al,  1995;  Radford  et  al,  1995; 
Elo  et  al,  1997;  Latil  et  al,  1997;  Cooke  et  al,  1996; 
Saito  et  al,  1992;  Lisitsyn  et  al,  1995)  and  hepatocel¬ 
lular  carcinoma  (Piao  et  al,  1999;  Tsuda  et  al,  1990). 
In  particular,  three  markers  (D16S504,  D16S516,  and 
D16S518)  have  shown  consistent  loss  of  heterozygosity 
(LOH)  across  a  number  of  tumors  including  breast, 
prostate,  and  hepatocellular  carcinomas  (Driouch  et 
al,  1997;  Lida  et  al,  1997;  Chen  et  al,  1996;  Elo  et  al, 
1997;  Piao  et  al,  1999).  We  wanted  to  determine 
whether  the  deletions  within  16q23  corresponded  at 
the  molecular  level  to  the  position  of  FRA16D.  We  also 
wanted  to  compare  and  contrast  the  regions  surround¬ 
ing  the  two  most  active  CFSs  to  aid  in  our  understand¬ 
ing  of  the  instability  within  these  regions.  Finally,  we 
wanted  to  know  whether  genes  within  FRA16D  are 
potential  targets  for  the  deletions  observed  in  different 
cancers.  Since  no  large  regions  of  sequence  or  contigs 
were  available  for  this  region,  we  generated  a  series  of 


overlapping  clones  and  used  them  to  characterize  this 
chromosomal  region. 

The  cytogenetic  band  16q23  is  not  only  associated 
with  LOH  in  solid  tumors,  but  it  is  implicated  in  the 
development  of  multiple  myeloma  as  well.  Multiple 
myeloma  (MM)  is  a  disease  of  plasma  cells  involving 
the  overproliferation  of  terminally  differentiated 
B-cells.  In  many  cases,  MM  progresses  through  a  stage 
known  as  monoclonal  gammopathy  of  undetermined  f 
significance  to  malignant  MM  with  increasing  karyo¬ 
typic  instability  (Hallek  et  al,  1998).  Translocations  in  , 
MM  cells  have  been  observed  for  some  time.  However,  * 
their  frequency  and  importance  have  been  underesti¬ 
mated  due  to  technical  limitations  of  cytogenetic  obser¬ 
vation.  Specific  MM  translocations  are  found  repeat¬ 
edly  in  both  primary  tumors  and  cell  lines  and  may 
have  importance  in  MM  initiation  and  progression. 
The  most  common  translocations  involve  the  IgH  en¬ 
hancer  element  locus  (14q32.3).  This  element  is  a  pow¬ 
erful  enhancer  and  can  highly  upregulate  genes  many 
kilobases  away  (Chesi  et  al,  1998).  In  MM  cell  lines 
and  primary  tumors,  IgH  translocations  occur  with 
various  partners  such  as  bcl-1  or  cyclin  D1  (llql3), 
c-myc  (8q24),  or  bcl-2  (18q21).  In  addition  to  these 
known  14q32  translocation  partners,  other  regions 
with  unknown  gene  partners  have  been  observed  in¬ 
cluding  16q23.  The  t(14q32;16q23)  has  been  observed 
in  many  cell  lines  and  their  associated  primary  tumors. 
Chesi  et  al  (1998)  estimate  that  this  translocation  may 
occur  in  up  to  25%  of  all  MMs.  The  total  frequency  of 
translocations  involving  an  Ig  region  in  MM  are  un¬ 
known,  but  Hallek  et  al  (1998)  hypothesize  that  it  may 
be  a  universal  event.  These  translocations  are  found 
late  in  MM  development,  but  are  also  thought  to  occur 
as  an  early  event  in  normal  plasma  cell  development 
when  errors  occur  in  IgH  switch  recombination  (Chesi 
et  al,  1998).  Taken  together,  these  data  suggest  an 
important  role  for  FRA16D  in  MM  translocations  in 
the  development  of  the  disease. 

MATERIALS  AND  METHODS 

Cell  culture  and  metaphase  spread  preparation .  Human  lympho¬ 
cytes  were  cultured  with  0.4  pM  aphidicolin  for  24  h  after  standard 
treatment  as  described  by  Verma  and  Babu  (1989).  Metaphase  prep¬ 
arations  were  then  affixed  to  slides  according  to  standard  procedures  . 

(Verma  and  Babu,  1989),  and  BAC  probes  were  hybridized  (see  next  * 
section). 

BAC  probe  preparation.  The  procedure  for  the  purification  of  % 
BAC  DNA  was  adapted  from  the  Qiagen  plasmid  maxi  kit  protocol  as  k 
described  by  Qiagen.  Briefly,  a  single  BAC  colony  was  inoculated  into 
500  ml  of  selective  LB  medium  and  cultured  overnight  at  37°C.  The 
cultures  were  centrifuged,  and  the  pelleted  bacteria  were  then  split 
into  two  parts.  Each  part  was  resuspended  in  20  ml  buffer  PI 
containing  100  /xg/ml  RNase  A.  Twenty  milliliters  of  buffer  P2  was 
added,  and  the  mixture  was  incubated  at  room  temperature  for  5 
min;  20  ml  of  buffer  P3  was  added,  and  each  mixture  was  incubated 
on  ice  for  30  min.  Each  mixture  was  centrifuged  at  20,000g  for  30 
min,  and  the  supernatant  was  removed.  Next,  the  supernatant  was 
then  applied  to  a  Qiagen-tip  500  and  eluted  with  15  ml  of  buffer  QF. 

The  BAC  DNA  was  precipitated  with  room  temperature  isopropanol 
and  then  resuspended  in  a  suitable  volume  of  TE.  The  typical  yield 
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of  a  150-  to  250-kb  BAC  clone  using  this  protocol  was  125  pg.  This 
BAC  DNA  was  suitable  for  PCR,  labeling  for  FISH  analysis,  sequenc¬ 
ing,  and  complete  and  partial  digestion  by  restriction  endonucleases. 

Fluorescence  in  situ  hybridization  (FISH).  BAC  DNA  was  labeled 
with  biotin- 16 -dUTP  (Boehringer  Mannheim)  using  a  nick-transla¬ 
tion  kit  (Boehringer  Mannheim)  according  to  the  manufacturer’s 
protocol.  After  precipitation,  labeled  probe  DNA  was  dissolved  at  a 
final  concentration  of  15-25  ng/pl  in  a  hybridization  mixture  con- 
,  taining  50%  formamide,  10%  dextran  sulfate,  2X  SSC,  400-500 
)  ng/pl  Cot-1  DNA  (Gibco  BRL),  and  0.5  pg/ml  sheared  herring  sperm 
DNA.  Probe  DNA  was  denatured  at  75°C  for  10  min  and  preannealed 
at  37°C  for  20  min.  Prior  to  hybridization,  slides  with  metaphase 
*  spreads  were  denatured  at  65°C  in  70%  formamide  in  0.6  X  SSC  for 
2-3  min,  followed  by  passage  through  an  alcohol  series.  Hybridiza¬ 
tions  were  performed  at  37°C  for  17  h.  After  hybridization,  washes 
were  carried  out  at  42°C  under  the  following  conditions:  50%  form¬ 
amide  v/v  in  2X  SSC  twice  for  5  min  each,  2X  SSC  twice  for  5  min 
each.  Hybridized  probes  were  detected  with  a  fluorescein  detection 
kit  (Oncor).  Cells  were  counterstained  with  propidium  iodide  (0.6 
pg/ml)  and  antifade  compound  p-phenylenediamine.  Hybridization 
signals  were  observed  with  a  Zeiss  Axioplan  microscope  equipped 
with  a  triple-pass  filter  (102-104-1010,  Vysis).  Pictures  were  taken  by 
IP  LABSpectrum  P  software  on  a  Macintosh  computer  system. 

BAC  sizing  and  Southern  blot  overlap  using  pulsed- field  gel  elec¬ 
trophoresis.  To  determine  the  sizes  of  the  BACs  in  the  contig,  the 
BAC  DNA,  purified  as  described  above,  was  digested  to  completion 
with  the  restriction  endonuclease  Notl.  The  digest  was  loaded  onto  a 
1%,  0.5x  TBE  agarose  gel  at  14°C  and  electrophoresed  for  30  h  with 
a  Bio-Rad  CHEF  pulsed-field  gel  box  and  controller  using  the  follow¬ 
ing  conditions:  120°  angle,  1-  to  6-s  pulse  time,  linear  ramping  factor, 
and  6  V/cm  voltage  gradient.  The  gel  was  stained  with  ethidium 
bromide,  and  the  insert  sizes  were  determined  by  comparison  to  both 
the  2.5-kb  ladder  from  Bio-Rad  and  the  Mid-range  PFG  marker  from 
New  England  Biolabs  loaded  on  the  same  gel. 

For  determining  overlap  between  BAC  clones,  DNA  purified  using 
Qiagen  columns  was  completely  digested  with  the  restriction  endo¬ 
nuclease,  Sail.  The  complete  digestion  of  the  BAC  vector  and  the 
insert  DNA  and  subsequent  detection  of  overlap  were  performed  as 
described  by  Hubert  et  al.  (1997). 


and  JJN3R  are  5'-TCAGGCCAAGTCTCTTTACTCA-3'  and  5'- 
TGTC C  AGCCCCTACTCCTAAT-3 ' ,  respectively. 

RESULTS 

Construction  of  a  BAC  Contig  across  the  FRA16D 

Region 

When  we  began  this  project,  there  was  very  little 
information  available  about  the  genomic  structure  in 
this  region,  despite  the  region  being  implicated  as  an 
important  region  through  LOH  in  several  tumor  types. 
We  began  with  a  YAC  clone,  922_G_4,  which  had  been 
shown  to  hybridize  across  the  region  of  aphidicolin- 
induced  decondensation/breakage  in  FRA16D  (T.  W. 
Glover,  unpublished  observations).  Unfortunately,  no 
known  markers  mapped  to  that  YAC,  and  it  was  found 
to  be  chimeric.  We  utilized  the  Los  Alamos  YAC  map 
that  was  available  for  chromosome  16  and  were  able  to 
estimate  which  markers  were  in  close  proximity  to 
922_G_4,  as  well  as  others  that  seemed  to  flank  the  Los 
Alamos  positioning  of  FRA16D.  We  also  utilized  the 
public  databases  available  at  the  time  including  The 
Genome  Database  (GDB,  1990-2000)  and  The  White- 
head  Institute  for  Biomedical  Research/MIT  Center  for 
Genome  Research  (Whitehead  Institute  for  Biomedical 
Research,  2000)  to  identify  markers  in  the  region  and 
assist  us  in  physical  positioning  of  the  markers 
throughout  the  building  of  the  contig. 

We  utilized  markers  from  this  region  to  screen  the 
Research  Genetics  CITB  BAC  library  (release  IV).  We 
tested  single  colonies  to  verify  that  they  harbored  the 
given  STS,  sized  the  clones,  and  labeled  the  DNA  for 
use  as  FISH  probes.  We  utilized  our  first  set  of  BAC 
clones  from  this  region  in  FISH  analysis  to  determine 
where  the  clones  and  STSs  resided  in  relation  to  the 
region  of  breakage.  We  analyzed  at  least  20  met¬ 
aphases  with  FRA16D  breakage/decondensation  and  a 
clearly  distinguishable  specific  fluorescent  signal  for 
each  BAC  (Fig.  1).  For  metaphases  of  high  quality, 
with  breaks  clearly  defined,  the  signals  were  scored  as 
proximal  to,  distal  to,  or  crossing  the  region  of  break¬ 
age/decondensation.  Using  these  data,  we  could  deter¬ 
mine  the  position  of  each  clone  relative  to  FS  breakage 
(proximal/centromeric,  distal/telomeric,  or  actually 
within  the  region  of  aphidicolin-induced  decondensa¬ 
tion/breakage). 

Once  the  positions  of  the  first  set  of  clones  were 
identified  relative  to  FRA16D,  we  sequenced  the  ends 
of  each  BAC  that  mapped  within  the  FS  at  some  fre¬ 
quency  (either  crossing  once  or  more  or  hybridizing 
proximal  in  some  metaphases  and  distal  in  others). 
Based  on  the  sequences  from  each  end  of  the  BACs,  we 
made  primers  that  would  amplify  a  specific  product 
from  genomic  DNA.  In  this  way,  we  created  two  new 
STSs  for  many  of  the  BACs  from  this  region.  Several 
BACs  contained  repetitive  sequences  at  their  ends; 
thus  we  could  not  derive  specific  PCR  primers  for  the 
amplification  of  those  ends.  After  testing  the  primers 


BAC  end  sequencing  and  primer  construction.  BAC  sequencing 
was  performed  by  the  Mayo  Clinic  DNA  sequencing  core  from  3  pg  of 
BAC  DNA  prepared  as  previously  described.  Both  T7  and  SP6  prim¬ 
ers,  which  are  homologous  to  the  pBeloBACll  vector  ends,  were  used 
to  obtain  sequence  from  the  BAC  genomic  DNA.  After  sequence  was 
obtained,  primers  with  a  Tm  of  around  55  °C  were  designed  in  regions 
that  were  free  of  Alu  repeats  using  the  Oligo  v3.0  software  package. 
The  primers  were  synthesized  at  the  Mayo  Clinic  oligonucleotide 
core  facility  and  then  tested  on  three  DNA  sources:  placental  DNA, 
the  BAC  DNA  from  which  the  primers  were  designed,  and  a  BAC 
from  chromosome  7  as  a  negative  control.  The  PCR  was  carried  out 
under  the  following  conditions  for  all  primers:  2  cycles  at  98,  55,  and 
72°C  for  30  s  each.  This  was  followed  by  28  cycles  of  95,  55,  and  72°C 
for  30  s  each  with  a  final  extension  of  72°C  for  10  min.  After  the 
initial  testing,  the  primers  were  used  to  screen  the  BAC  pools  to 
verify  that  they  were  specific  to  one  point  in  the  genome  and  to  verify 
that  the  original  BAC  was  again  identified. 

Multiple  myeloma  primer  construction.  Four  sets  of  primers  were 
used  in  screening  for  the  positions  of  the  multiple  myeloma  break¬ 
points  in  genomic  DNA.  These  primers  were  designed  from  se¬ 
quences  submitted  to  GenBank  for  the  t(14;16)  for  these  cell  lines. 
For  the  cell  line  KMS11  chromosome  16  breakpoint  sequence,  prim¬ 
ers  KMS11F  and  KMS11R  are  5  '-C  CTGATAAAT  ATTCAAC  AC  GAG- 
GAG-3'  and  5 ' -GC AGGTGCTTAC ACTGTCTGGT-3 ' ,  respectively. 
Cell  line  MM.l  primers  MM. IF  and  MM.1R  are  5'-CACCAG- 
CAAGCTGTGAAATG-3 '  and  5 ' -AAAGGCTTTGGAGCTTC  CTAA-3 ' , 
respectively.  Cell  line  ANBL6  primers  ANBL6F  and  ANBL6R  are 
5'-GAGAGC  ACATAACTCAGGCCTAATC-3 '  and  5'-TTCCTTTC- 
CTCTGGTCCTCAGT-3',  respectively.  Cell  line  JJN3  primers  JJN3F 
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FIG.  1.  FISH  with  human  lymphocyte  metaphases  prepared  by  standard  procedures  after  incubation  with  0.4  pM  aphidicolin  for  24  h. 
The  metaphases  were  hybridized  with  BAC  356_D_21  DNA  labeled  with  biotin,  visualized  with  avidin-FITC  (green  signal),  and  counter- 
stained  with  either  DAPI  (A  and  B),  or  propidium  idodide  (C).  The  white  arrows  indicate  breaks  at  FRA16D  with  the  BAC  signal  distal  (A), 
proximal  in  both  chromosomes  (B),  or  crossing  the  region  of  breakage  (C). 
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for  specificity,  we  began  our  strategy  for  determining 
BAC  position  and  overlap  in  the  contig. 

We  began  by  screening  the  BAC  pools  for  clones  that 
also  contained  the  sequences  from  the  end  of  a  given 
BAC  to  identify  overlapping  clones.  The  new  BACs 
retrieved  in  this  way  were  tested  by  PCR  to  determine 
their  overlap  with  other  surrounding  BAC  ends  and 
markers  from  the  databases.  This  helped  us  to  deter¬ 
mine  the  orientation  of  the  T7  and  SP6  ends  of  each 
BAC  and  their  positions  relative  to  known  STSs.  The 
BACs  that  extended  the  contig  in  a  desired  direction 
without  overlapping  with  many  already  identified 
clones  (indicating  a  high  degree  of  redundancy)  were 
analyzed  by  Southern  blot  hybridization.  Labeled  BAC 
DNA  was  then  used  as  a  FISH  probe  to  determine  the 
position  of  the  newly  isolated  BACs  relative  to 
FRA16D.  These  new  BACs  were  sized  and  then  sub¬ 
jected  to  end  sequencing  to  make  new  primers.  This 
strategy  continued  until  all  gaps  had  been  filled  and 
resulted  in  a  contig  of  overlapping  BAC  clones  that 
extended  for  >1  Mb  around  16q23.2  (Fig.  2).  As  shown 
in  Fig.  4,  our  clones  confirmed  the  database  marker 
and  YAC  orders  established  for  this  region. 

Our  FISH  data  indicated  that  our  large  contig  cov¬ 
ered  the  vast  majority  of  FRA16D;  however,  FISH  with 
BACs  located  on  the  centromeric  edge  of  this  contig 
continued  to  show  infrequent  hybridization  on  the  cen¬ 
tromeric  side  of  FRA16D  breakage.  We  therefore  iso¬ 
lated  another  set  of  BAC  clones  that  were  centromeric 
to  the  first  larger  contig.  This  smaller  contig  contains 
the  BAC  540JPJ5.  Listed  in  Table  1  are  the  sequences 
of  the  new  STSs  that  we  have  generated  in  the  con¬ 
struction  of  this  contig.  Figure  2  shows  the  total  num¬ 
ber  of  BAC  clones  isolated  from  this  region,  STSs,  and 
polymorphic  microsatellite  markers  that  were  used  to 
isolate  the  BAC  clones  and  the  positions  of  the  BACs. 

FISH  Characterization  of  the  FRA16D  Region 

While  constructing  the  BAC  contig  across  the  entire 
FRA16D  region,  we  used  FISH  to  position  the  BAC 
clones  relative  to  the  region  of  aphidicolin-induced  de¬ 
condensation/breakage.  After  the  BAC  contig  was  com¬ 
pleted,  FISH  was  performed  with  representative  BAC 
clones  from  the  contig  to  analyze  the  entire  region  for 
aphidicolin-induced  decondensation/breakage.  Figure 
3  summarizes  the  results  of  this  analysis,  indicating 
the  number  of  times  a  tested  BAC  clone  hybridized 
proximal  to,  distal  to,  or  across  the  region  of  breakage 
when  analyzed  with  at  least  20  metaphases  with  de¬ 
condensation/breakage  in  FRA16D.  The  region  of 
breakage  extended  throughout  the  entire  BAC  contig 
of  over  1  Mb.  Our  most  telomeric  BAC  clone,  484_H_2, 
hybridized  distal  to  the  region  of  breakage  19  times  out 
of  20,  crossed  the  region  of  breakage  once,  and  never 
hybridized  proximal  to  the  break.  These  data  indicate 
that  this  clone  is  on  the  very  telomeric  edge  of  this  FS 
since  it  almost  always  hybridized  distal  to  the  breaks. 
These  numbers  do  not  reflect  the  exact  physical  posi¬ 


tion  since  the  FS  breakage  occurs  throughout  a  region 
and  is  therefore  subject  to  statistical  fluctuation.  The 
ratios  of  distal,  proximal,  and  crossing  do,  however, 
give  a  relative  idea  of  physical  location  relative  to  the 
FS.  Physical  locations  of  all  the  BACs  have  been  veri¬ 
fied  by  STS  and  other  marker  positions.  On  the  centro¬ 
meric  end  of  the  contig,  BAC  clone  313_F_8  hybridized 
proximal  11  times,  crossed  the  breakage  region  9 
times,  and  never  hybridized  distal  to  the  break.  This 
clone  appears  to  be  on  the  proximal  side  of  the  contig, 
but  the  relative  high  frequency  of  crossing  events  sug¬ 
gested  that  we  had  not  yet  reached  the  centromeric 
border  of  the  fragile  site.  We  therefore  isolated  BAC 
clone  540_P_5,  which  is  more  centromeric  to  313_F_8. 
Clone  540JP __5  hybridized  on  the  proximal  side  of  the 
break  20  of  20  times,  indicating  it  is  beyond  the  cen¬ 
tromeric  edge  of  the  fragile  site.  The  distance  between 
540_P_5  and  the  edge  of  our  main  contig  is  at  this  time 
unknown.  However,  the  STSs  that  map  to  540_P_5 
(D16S3083  and  D16S515)  are  estimated  by  public  link¬ 
age  databases  to  overlap  with  markers  at  the  edge  of 
our  contig  (D16S782,  D16S3138,  and  D16S3125),  in¬ 
cluding  those  contained  in  313_F_8.  This  finding  indi¬ 
cates  that  these  markers  are  very  close  together. 

Placement  of  MM  Breakpoints 

Translocation  breakpoints  involving  16q23  have  been 
cloned  and  published  for  four  different  MM  cell  lines 
(Chesi  et  al,  1998).  To  determine  whether  these  break¬ 
points  occurred  within  FRA16D,  we  created  primer  pairs 
for  sequences  from  the  16q23  portion  of  the  four  previ¬ 
ously  characterized  translocations.  When  these  primers 
were  used  to  screen  individual  BACs  from  the  contig,  all 
four  breakpoints  fell  within  FRA16D.  Figures  2  and  4 
show  the  BAC  contig  for  the  FRA16D  region  and  the 
positions  of  the  four  multiple  myeloma  translocation 
breakpoints  within  this  region.  We  used  our  full  contig 
map  of  this  region,  as  well  as  estimated  distances  from 
STS  mapping,  to  determine  roughly  the  distances  be¬ 
tween  the  multiple  myeloma  breakpoints  within  our  con¬ 
tig.  We  estimate  that  the  distance  from  KMS11  to 
ANBL6  is  500  kb,  that  from  KMS11  to  MM.l  is  about  300 
kb,  and  that  from  MM.l  to  JJN3  is  about  200  kb,  and 
since  they  are  contained  on  the  same  BACs,  the  distance 
from  JJN3  to  ANBL6  is  approximately  100  kb. 

DISCUSSION 

The  data  presented  in  this  study  indicate  that 
FRA16D  (16q23.2),  the  second  most  active  common 
fragile  site,  covers  the  largest  region  yet  analyzed.  A 
contig  of  overlapping  BAC  clones  was  isolated  from  the 
16q23.2  region  and  contains  the  majority  of  FRA16D. 
We  have  constructed  a  >1-Mb  contig  consisting  of  pre¬ 
cisely  sized  BAC  clones  representing  a  sequence-ready 
group  of  clones  for  this  chromosomal  region.  Of  the 
metaphases  analyzed,  BAC  313JF_8  mapped  11  times 
proximal  and  9  times  across  the  region  of  aphidicolin- 
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CiTB  BAC  Designation 

[e3  Proximal  ■  Distal  □  Crossing] 

FIG.  3.  FRA16D  FISH  data  with  selected  BAC  clones.  Twenty 
human  lymphocyte  metaphase  chromosomal  preparations  with  clear 
breaks  and  signals  were  analyzed  for  each  BAC  clone  designated  on  the 
lower  axis.  The  number  of  occurrences  in  each  of  three  categories  (1) 
proximal  to  the  break,  (2)  distal  to  the  break,  or  (3)  crossing  the  break, 
are  designated  on  the  left  axis.  Hybridization  events  scored  as  proximal 
are  indicated  by  the  bars  with  diagonal  stripes,  the  solid  black  bars 
indicate  distal  events,  and  the  solid  white  bars  indicate  crossing  events. 

induced  fragility  (Fig.  3),  but  was  never  found  to  hy¬ 
bridize  distal  to  the  FRA16D  region.  Though  this  clone 
is  considered  to  map  centromeric  to  FRA16D,  the  fact 
that  almost  half  of  the  metaphases  had  decondensa¬ 
tion/breakage  within  BAC  313_F_8  indicates  that  the 
FRA16D  region  extends  proximal  to  this  BAC  clone. 
We  therefore  identified  the  BAC  540„P_5  further  cen¬ 
tromeric  to  this  clone  and  found  that  it  always  hybrid¬ 
ized  proximal  to  FRA16D.  As  previously  stated,  the 


markers  associated  with  this  clone  are  thought  to  exist 
in  the  same  region  as  313_F„8.  While  this  is  not  pre¬ 
cisely  accurate,  we  feel  that  the  distance  between  these 
two  clones  should  be  relatively  small  and  the  proximal 
edge  of  the  fragile  site  lies  in  between  these  two  clones. 
Nevertheless,  of  the  four  CFSs  that  have  now  been 
characterized  (FRA3B,  FRA7G,  FRA7H,  and  FRA16D), 
FRA16D  represents  the  most  expansive  region  of  chro¬ 
mosomal  fragility  identified.  FRA7G  and  FRA3B  may 
cover  areas  as  large  as  FRA16D,  but  until  more  anal¬ 
ysis  is  completed,  FRA16D  appears  to  be  the  largest 
common  fragile  site. 

Aside  from  FRA16D  covering  a  large  region,  and 
being  expressed  frequently,  this  CFS  is  of  particular 
interest  as  it  resides  within  a  cytogenetic  band  sus¬ 
pected  to  harbor  a  tumor  suppressor  gene  involved  in 
breast,  prostate,  hepatocellular,  and  ovarian  cancers. 
Polymorphic  markers  from  the  16q23.2  region  have 
been  shown  to  be  frequently  lost  in  all  four  cancers.  A 
comparison  of  the  markers  with  the  highest  LOH  in 
these  tumors  to  the  BAC  contig  containing  FRA16D 
indicates  that  three  of  these  markers  (D16S504, 
D16S516,  and  D16S518)  map  within  the  FRA16D  re¬ 
gion.  As  these  markers  are  in  one  of  the  regions  of 
greatest  instability  in  these  cancers,  the  correlation  of 
the  molecular  position  of  this  fragile  site  and  this  re¬ 
gion  of  instability  provides  further  evidence  for  a 
causal  relationship  between  chromosomal  fragility  and 
cancer. 


747_G_3 


822_C_5 


912  D  2 


933_H_2 


801_B_6 

!  ;  !  891_F_3 


BAC 

Size 

(kb) 

o 

H 

O 

1 

e 

g 

sc 

r 

2 

© 

1 

§ 

T 

1 

H 

|  OI6S3138 

o 

5 

1 

u 

© 

o 

1 

i 

o 

I/> 

s 

1 

w 

§ 

© 

3 

1 

z 

© 

§ 

2 

s  1  ^ 

> 

3 

ri 

ft 

•U 

l 

5 

© 

ill 

s  S  j 
1 

1 

D 

l 

© 

1 

D 

© 

1 

© 

I  i 

s  w 

z  1 

w  K 

c  g 

© 

a 

s 

o 

1 

C 

c* 

i 

o 

* 

S2 

t 

iHK 

129 

+ 

+ 

♦ 

♦ 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

B 

9 

9 

■ 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

m 

fl 

146 

a 

+ 

+ 

+ 

9 

9 

B 

9 

9 

9 

9 

B 

fl 

9 

B 

fl 

277_K  1 

139 

9 

1 

♦ 

♦ 

3 

* 

_ 

i 

i 

9 

375  H  19 

130 

9 

♦ 

♦ 

B 

B 

B 

287_B_8 

134 

■ 

■ 

■ 

■ 

• 

9 

+ 

+ 

* 

9 

9 

9 

9 

9 

9 

9 

9 

B 

313  F  8 

139 

_ 

9 

T 

+ 

♦ 

♦J 

B 

9 

9 

9 

9 

9 

9 

9 

9 

B 

328_C_8 

123 

fgj 

9 

9 

B 

L 

7^ 

L  +  J 

n 

n 

B 

B 

9 

B 

| 

1 

L  . 

219  E  3 

138 

9 

9 

9 

9 

9 

9 

9 

9 

9 

B 

B 

B 

B 

B 

9 

9 

1 

503_.D_19 

131 

9 

B 

9 

9 

9 

9 

9 

9 

B 

B 

B 

♦j 

L± 

i 

9 

9 

9 

9 

356.  D  M 

120 

1 

1 

9 

9 

9 

9 

9 

9 

9 

B 

B 

+ 

UJ 

B 

fi 

347_F  19 

101 

B 

8 

9 

B 

9 

9 

9 

9 

B 

9 

♦ 

+ 

- 

L 

1 24_L_1 6 

101 

■ 

9 

■ 

■ 

9 

B 

9 

9 

B 

B 

B 

B 

B 

B 

9 

9 

B 

Tj 

3 

| 

L._ 

_ j 

41  P_2 

144 

B 

B 

9 

9 

9 

9 

9 

9 

9 

9 

9 

1 

Li 

4 

H 

T 

□ 

i 

: 

546  C  23 

134 

. 

1 

1 

B 

9 

9 

B 

9 

B 

B 

B 

9 

9 

B 

9 

B 

+ 

"T 

Ij 

9 

9 

9 

| 

■ 

fl 

■ 

551_C_U 

142 

3 

9 

9 

B 

9 

9 

9 

9 

B 

□ 

T 

T 

+  +  + 

5 

9 

8 

■ 

B 

_ 303.GJL 

1_44_ 

9 

B 

9 

9 

9 

9 

B 

B 

9 

9 

9 

9 

fin 

9 

L 

B 

B 

B 

B 

+  + 

+  + 

B 

B 

B 

B 

■ 

_ 293^2 

143 

1 

. 

9 

■ 

9 

9 

■ 

■ 

9 

9 

9 

9 

5 

B 

B 

9 

9 

i 

B 

fl 

B 

B 

B 

B 

1 

484_H_2 

95 

_ 

_ 

B 

99 

9 

■ 

Bfl 

B 

B 

B 

BIB 

_ 

_ 

_ 

□ 

_ 

_ 

_j 

_ 

u 

_ 

A. 

□ 

FIG.  4.  FRA16D  minimal  tiling  BAC  contig  and  Whitehead  YAC  mapping  with  multiple  myeloma  translocation  breakpoints  denoted. 
Plus  signs  indicate  PCR  detection  of  the  marker  along  the  top  axis  for  that  DNA  sample.  BAC  names  are  indicated  along  the  left  side.  Vertical 
shading  indicates  multiple  myeloma  translocation  breakpoints.  The  order  of  the  STS  markers  in  our  contig  corresponded  exactly  with  The 
Whitehead  Database  YAC  STS  mapping  information  as  indicated. 
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Chromosomal  band  16q23.2  not  only  contains  mark¬ 
ers  that  are  frequently  lost  during  tumor  development, 
but  is  also  the  location  of  a  frequent  translocation 
observed  in  multiple  myeloma  patients.  Approximately 
25%  of  multiple  myelomas  have  been  shown  to  contain 
a  balanced  reciprocal  translocation  between  14q32  and 
16q23.2.  This  rearrangement  juxtaposes  the  IgH 
switch  region  and  its  very  powerful  enhancer  element 
to  sequences  and  possibly  genes  in  the  16q23.2  region. 
To  determine  whether  the  chromosome  16  breakpoints 
were  contained  within  the  FRA16D  region,  sequence 
data  for  four  breakpoints  that  had  been  previously 
cloned  and  characterized  by  Chesi  et  al.  (1998)  were 
utilized  to  screen  the  FRA16D  BAC  contig.  Sequence 
data  for  these  breakpoints  indicated  that  all  four  trans¬ 
locations  map  within  the  FRA16D  fragile  site.  Thus, 
not  only  is  the  instability  within  FRA16D  potentially 
involved  in  the  chromosomal  loss  seen  in  solid  tumors, 
but  also  in  the  generation  of  balanced  reciprocal  trans¬ 
locations  important  in  the  development  or  genesis  of 
multiple  myeloma. 

There  are  also  data  to  suggest  that  at  least  one  gene, 
located  downstream  of  the  most  telomeric  of  the  four 
chromosome  16  breakpoints  characterized,  is  upregu- 
lated  in  cell  lines  containing  the  t(14q;16q)  translocation 
(Chesi  et  al ,  1998).  The  proto-oncogene  c-maf,  which  is 
<500  kb  from  our  most  telomeric  BAC,  has  been  shown 
to  be  upregulated  in  the  multiple  myeloma  cell  lines  from 
which  the  breakpoints  have  been  cloned.  Therefore,  any 
genes  that  reside  within  the  fragile  site,  between  the 
multiple  myeloma  breakpoints  and  c-maf,  are  not  only 
potential  targets  for  upregulation  in  multiple  myelomas, 
but  may  also  prove  oncogenic  for  other  cancers. 

The  relationship  between  chromosomal  fragile  sites 
and  cancer  remains  enigmatic.  The  correlation  of 
FRA16D  with  markers  that  show  frequent  loss  in 
breast,  prostate,  hepatocellular,  and  ovarian  cancers 
and  with  the  four  translocation  breakpoints  identified 
in  multiple  myeloma  further  suggests  that  CFSs  do 
potentially  play  a  role  in  cancer  and  cancer  develop¬ 
ment.  However,  there  are  many  questions  that  remain 
unanswered.  What  is  the  mechanism  of  instability 
within  FRA16D  and  the  other  CFSs  that  have  already 
been  characterized?  What  are  the  functions  of  CFSs 
within  the  normal  cell  and  how  does  the  instability 
within  these  regions  play  a  role  in  cancer  development? 
The  progressive  sequencing  of  the  human  genome  will 
greatly  increase  information  about  the  DNA  sequences 
within  and  surrounding  each  of  the  CFSs  and  provide 
insights  into  these  important  questions.  Future  study 
of  the  FRA16D  region  may  lead  to  the  identification  of 
genes  that  are  critical  targets  in  the  initiation  and 
progression  of  breast,  ovarian,  prostate,  and  hepatocel¬ 
lular  carcinomas. 
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ABSTRACT 

Gains  of  chromosome  7  and  alterations  of  the  7q-arm  have  been 
frequently  observed  in  multiple  cancers  using  various  cytogenetic  and 
molecular  genetic  techniques.  Using  PCR  analysis  of  microsatellite  mark¬ 
ers,  we  have  previously  reported  that  allelic  imbalance  of  7q31  is  common 
in  prostate  cancer  and  is  associated  with  higher  tumor  grade  and  ad¬ 
vanced  pathological  stage.  In  an  effort  to  better  understand  the  chromo¬ 
some  7  alterations  in  prostate  cancer,  we  undertook  a  molecular  cytoge¬ 
netic  study  of  25  prostate  specimens  using  fluorescence  in  situ 
hybridization  (FISH)  with  DNA  probes  for  the  chromosome  7  centromere 
and  for  5  loci  mapped  to  7q31  ( D7S523 ,  D7S486 ,  D7S522 ,  D7S480 ,  and 
D7S490 )  and  1  locus  at  7qll.23  ( ELN ).  Six  tumors  had  no  apparent 
anomaly  for  any  chromosome  7  probe.  Nine  tumors  showed  apparent 
simple  gain  of  a  whole  chromosome  7,  whereas  one  tumor  had  apparent 
simple  loss  of  a  whole  chromosome  7.  Four  tumors  had  gain  of  the 
chromosome  7  centromere  and  additional  overrepresentation  of  the  7q- 
arm.  One  tumor  had  overrepresentation  of  7q31  without  any  apparent 
anomaly  of  the  chromosome  7  centromere,  and  one  tumor  had  apparent 
loss  of  the  chromosome  7  centromere  with  no  apparent  anomaly  of  the  7q- 
arm.  Three  tumors  had  gain  of  the  chromosome  7  centromere  and  loss  of 
the  7q3I  region.  Gain  of  7q31  was  strongly  correlated  with  tumor  Gleason 
score.  Multiplex  PCR  studies  of  these  specimens  supported  these  FISH 
observations.  Mutation  screening  and  DNA  sequencing  of  the  MET  gene, 
which  is  mapped  to  7q31,  revealed  only  the  presence  of  simple  sequence 
polymorphisms  but  no  apparent  acquired  disease-associated  mutations. 
FISH  analysis  of  metaphases  from  an  aphidicolin-induced,  chromosome  7 
only,  somatic  cell  hybrid  demonstrated  that  the  DNA  probe  for  D7S522 
spans  the  common  fragile  site  FRA7G  at  7q31.  Our  data  indicate  that  the 
7q-arm,  particularly  the  7q31  region,  is  genetically  unstable  in  prostate 
cancer,  and  some  of  the  gene  dosage  differences  observed  may  be  due  to 
fragility  at  FRA7G, 

INTRODUCTION 

FISH3  studies  have  demonstrated  that  aneusomy  of  chromosome  7 
is  frequent  in  prostate  cancer  and  is  associated  with  higher  tumor 
grade,  advanced  pathological  stage,  and  early  patient  death  from 
prostate  cancer  (1-5).  Cytogenetic  analyses  have  demonstrated  that 
gain,  deletion,  and  translocation  of  7q22-q3 1  are  common  in  prostate 
adenocarcinoma  (6,  7).  In  addition,  several  independent  studies  have 
indicated  that  genes  important  for  tumorigenesis  are  mapped  to  7q3 1 
(8-10).  Using  PCR  analysis  of  microsatellite  markers,  we  and  others 
have  identified  frequent  imbalance  of  alleles  mapped  to  7q31  in 
prostate  and  other  cancers  (9-14).  In  prostate  cancer,  this  allelic 
imbalance  is  strongly  correlated  with  tumor  aggressiveness,  progres- 
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sion,  and  cancer-specific  death  (12-14).  These  findings  suggest  that 
genetic  alterations  of  the  7q-arm  play  an  important  role  in  the  devel¬ 
opment  of  prostate  cancer  (11-14).  However,  the  allelic  imbalance 
detected  by  PCR  has  been  assumed  to  be  a  result  of  chromosomal  loss 
or  deletion  (11,  12),  whereas  FISH  studies  have  uniformly  observed 
gain  of  the  chromosome  7  centromere  (2,  3-5).  Resolving  this  dis¬ 
crepancy  is  critically  important  for  the  definition  of  the  7q3 1  anom¬ 
alies  in  prostate  cancer. 

FISH  analysis  of  interphase  cells  with  region-specific  and  centro¬ 
mere-specific  probes  is  useful  for  the  detection  of  gene  copy  number 
alterations  and  numerical  chromosomal  anomalies  in  solid  tumors 
such  as  prostatic  carcinoma  that  are  often  difficult  to  analyze  by 
conventional  cytogenetic  analysis  (2,  15,  16).  FISH  can  easily  distin¬ 
guish  chromosomal  centromere  gain  and  loss.  With  appropriate 
probes,  the  dosage  of  specific  chromosomal  regions  can  also  be 
determined.  Moreover,  when  FISH  is  applied  to  histological  sections, 
tumor  cells  can  be  precisely  evaluated.  The  effects  of  normal  cell 
infiltration  are  reduced,  and  the  genetic  heterogeneity  of  tumor  foci 
can  be  assessed  (2,  15,  16).  Furthermore,  normal  ranges  of  FISH 
signals  can  be  determined  by  studying  regions  of  apparently  normal 
prostate.  However,  interphase  FISH  studies  of  gene  dosage  in  paraf¬ 
fin-embedded  materials  require  relatively  large  probes  that  target  one 
locus  or,  at  most,  a  few  loci  at  a  time  (17). 

PCR  analysis  of  microsatellite  markers  has  been  very  useful  for  the 
detection  of  allelic  imbalance,  especially  for  the  mapping  of  imbal¬ 
ance  of  specific  chromosomal  regions  in  many  tumors.  In  addition,  by 
their  very  nature,  individual  PCR  studies  evaluate  a  much  smaller 
region  than  the  typical  FISH  studies.  However,  PCR  analyses  are 
limited  by  the  difficulty  of  characterizing  allelic  imbalance  as  loss  or 
gain  (11-14).  Applying  both  PCR  and  FISH  to  the  same  specimens 
can  be  extremely  useful  to  clarify  discrepancies  observed  by  either 
FISH  or  PCR  alone. 

Chromosome  band  7q31  also  contains  the  common  fragile  site, 
FRA7G  (18).  Recently,  we  identified  several  overlapping  YAC  clones 
spanning  FRA7G  within  the  common  allelic  imbalance  region  that 
includes  the  D7S522  locus  (19).  To  determine  the  precise  molecular 
relationship  of  FRA7G  with  the  7q31  alterations  we  observed,  we 
analyzed  metaphases  from  an  aphidicolin-induced,  chromosome  7 
only,  somatic  hybrid  using  a  FISH  probe  for  D7S522. 

MATERIALS  AND  METHODS 

Patient  Selection  and  Histopathological  Evaluation 

Twenty-five  cases  were  selected  from  the  surgical  pathology  files  at  the 
Mayo  Clinic  from  patients  who  had  undergone  radical  retropubic  prostatec¬ 
tomy  and  bilateral  pelvic  lymphadenectomy  between  1991  and  1994.  All 
patients  had  clinically  localized  prostate  cancer,  and  none  had  received  pre¬ 
operative  hormone  or  radiation  therapy.  Fresh  tissue  blocks  of  primary  prostate 
cancer  and  paired  benign  tissue  from  all  25  patients  were  harvested,  frozen, 
and  microdissected  for  DNA  extraction  as  described  previously  (13).  Prostate 
specimens  adjacent  to  those  that  had  been  frozen  were  also  formalin-fixed  and 
paraffin-embedded  for  routine  surgical  pathology.  Ten  serial  5-/zm  sections 
and  three  serial  50-ptm  sections  were  prepared  from  a  representative  tissue 
block  for  FISH  analysis  and  flow  cytometric  DNA  ploidy  analysis  (5),  respec¬ 
tively.  Gleason  score  was  determined  for  each  focus  of  cancer  (2).  and 
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pathological  stage  for  each  case  was  assigned  using  the  TNM  system  (1992 
revision).  The  Gleason  scores  of  carcinoma  foci  were  4-6  (6  foci),  7  (7  foci), 
and  8-10  (12  foci).  Pathological  tumor  stages  were  T2N„M0  (10  cases), 
T.iN„M„  (II  cases),  and  T3N,M0  (4  cases). 

FISH  with  Chromosome  Enumeration  Probe  and  Region-specific 
Probes 

Our  method  tor  FISH  analysis  of  paraffin-embedded  prostate  tissues  has 
been  described  previously  (16).  Briefly,  tissue  sections  were  deparaffinized, 
dehydrated,  treated  with  microwave  in  citrate  buffer  (pH  6.0)  for  10  min, 
digested  in  pepsin  solution  [4  mg/m!  in  0.9 7r  NaCI  (pH  1.5)]  for  15  min  at 
37°C,  rinsed  in  2X  SSC  at  room  temperature  for  5  min.  and  air  dried.  Because 
previous  work  showed  a  high  frequency  of  genetic  changes  on  7q31,  directly 
labeled  fluorescent  DNA  LSPs  for  five  7q3I  loci  ( D7S523 .  D7S486 ,  D7S522 , 
D7S480 ,  and  D7S490)  and  one  7ql  1.23  locus  ( ELN)  were  chosen  for  study. 
Each  of  the  LSPs  was  composed  of  a  contig  of  clones  <225  kb  in  length. 
Dual-probe  hybridization  was  performed  on  the  serial  5-pun  sections  usins  a 
SpectrumGreen-labeled  chromosome  7  centromere  (CEP7)  probe  together 
with  a  SpectrumOrange-labeled  LSP.  Probes  and  target  DNA  were  denatured 
simultaneously  in  an  80°C  oven  tor  5  min.  and  each  slide  was  incubated  at 
37°C  overnight.  Posthybridization  washes  were  performed  in  1.5  M  urea/O.lX 
SSC  at  453C  tor  30  min  and  in  2x  SSC  at  room  temperature  for  2  min.  Nuclei 
were  counterstained  with  DAPI  and  antifade  compound  p-phenylenediamine. 

The  number  of  FISH  signals  was  counted  with  a  Zeiss  Axioplan  microscope 
equipped  with  a  triple-pass  filter  (DAPI/Green/Orange:  Vysis,  Downers 
Grove,  IL).  For  each  probe,  300  nonoverlapping  interphase  nuclei  from  foci  of 
benign  epithelium  and  prostatic  carcinoma  were  enumerated.  Nuclei  from 
stroma!  elements  were  not  counted.  The  number  of  signals  for  the  CEP7  and 
the  LSP  were  counted  for  each  nucleus  and  tabulated  for  each  probe  pair  for 
each  normal  and  tumor  focus. 

We  have  previously  reported  our  method  for  the  interpretation  of  FISH  data 
from  paraffin-embedded  materials  (16).  In  the  present  study,  we  simplified  our 
data  interpretation  method  (see  below)  and  criteria  for  FISH  anomalies  (see 


‘“Results”).  Typical  hybridization  images  and  tabulated  data  for  a  representa¬ 
tive  tumor  focus  from  case  38  for  the  D7S522/CEP1  and  the  D7S523/ CEP7 
probe  pairs  are  illustrated  in  Fig.  1  and  Table  1.  The  rows  in  the  tables 
demonstrate  the  percentage  of  nuclei  w  ith  different  numbers  of  CEP7  signals. 
The  nuclei  with  0-1  and  >3  CEP7  signals  defined  those  cells  with  apparent 
loss  (-CEP7)  and  gain  of  CEP7  (+CEP7),  respectively.  The  columns  in  the 
tables  demonstrate  the  percentage  of  nuclei  with  different  numbers  of  LSP 
signals.  The  nuclei  with  0-1  and  >3  LSP  signals  defined  those  cells  with 
apparent  loss  (“LSP)  and  gain  of  the  LSP  (  +  LSP).  respectively.  Finally,  a 
mean  LSP:CEP7  signal  ratio  was  calculated  for  each  LSP  for  each  focus.  These 
variables  (-CEP7,  +CEP7,  -LSP.  -LSP.  and  the  mean  LSP:CEP  ratio)  can 
be  used  to  determine  if  the  chromosomal  centromere  and/or  chromosomal 
regions  are  gained  or  lost.  Importantly,  normal  ranges  for  each  of  these 
variables  can  be  established  by  evaluating  apparently  norma!  prostate  epithe¬ 
lium  (see  •“Results”). 

Evaluation  of  Allelic  Imbalance  by  Multiplex  PCR 

We  used  multiplex  PCR  analysis  of  microsatellite  alleles  for  marker 
D7S522  to  independently  evaluate  allelic  imbalance  of  this  locus.  DNA  ex¬ 
traction  from  microdissected  frozen  tissue  of  these  25  specimens  was  per¬ 
formed  as  reported  previously  (13).  The  extracted  DNA  was  subjected  to 
multiplex  PCR  using  D7S522  and  a  control  marker  of  D14S6I5  (chromosome 
14  is  rarely  altered  in  prostate  cancer).  The  PCR  conditions  were  the  same  as 
those  described  previously  (13),  except  2S  cycles  were  used  instead  of  35 
cycles.  The  PCR  products  were  analyzed  on  6 %  polyacrylamide  gels.  The 
intensities  of  the  bands  were  quantified  using  densitometry  and  the  image 
analysis  software  program  NIH  Image  (VerO.L47).  Quantitation  of  the  band 
intensities  was  performed  by  the  area  integration  method  (with  subtraction  of 
local  background). 

To  evaluate  gene  deletions  or  overrepresentation  in  tumor  samples,  we 
normalized  the  amount  of  tumor  DNA  loaded  in  gel  with  the  following  index: 

I  —  (Ain  +  A2n)/(Alt  +  A2t),  in  which  Ain  and  A2n  represent  the  intensity 
of  upper  and  lower  alleles  at  DJ4S615  for  the  normal  sample,  and  Alt  and  A2t 


I-ig.  I.  Results  of  dual-probe  FLSH>  using  a  centromere  probe  for  chromosome  7  (CEP7.  screen  si: 
Nuclei  are  counterstained  with  DAPI.  A.  two  nuclei  with  three  green  signals  for  CEP7  and  one  oran; 
1’ao  green  signals^ tor  CEP 7  and  two  orange  .signals  for  the  DmS*2J  locus  is  illustrated  i  ve//mi  amn \ 
signals  tor  the  locus  ty/vc/t  am m»  i 


'nils)  and  a  LSP  (orange  .v/gm/M  tor  a  stage  T ;\.,M  .  prostate  cancer  (case  38). 
*  signal  tor  the  D/S522  locus  are  illustrated  iw7//>..  arrmiv).  B.  a  nucleus  with 
Another  nucleus  demonstrates  three  green  signals  for  CEP7  and  three  orange 
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Table  1  Distribution  of  D7S522,  D7S523,  and  CEP7  copy  numbers  in  a  prostate 
cancer  focus  from  case  38 


D7S522  copy  no" 

A.  CEP7  - 


copy  no. 

0 

l 

2 

3 

4 

>5 

Total  (%) 

0 

0.0 

1.3 

0.0 

0.0 

0.0 

0.0 

1.3 

1 

4.6 

13.1 

0.7 

0.0 

0.0 

0.0 

18.4 

2 

1.3 

53.4 

11.8 

0.0 

0.0 

0.0 

66.5 

3 

0.7 

3.2 

4.6 

0.7 

0,0 

0.0 

9.2 

4 

0.0 

0.7 

3.3 

0.6 

0.0 

0.0 

4.6 

2:5 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Total  (%) 

6.6 

71.7 

20.4 

1.3 

0.0 

0.0 

100.0 

D7S523  copy  no.* 

B.  CEP7 

0 

1 

2 

3 

4 

>5 

Total  (%) 

copy  no. 

0 

0.3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3 

1 

0.0 

14.9 

4.3 

0.0 

0.0 

0.0 

20.5 

2 

0.0 

6.0 

51.3 

4.3 

0.0 

0.0 

61.6 

3 

0.0 

0.6 

1.7 

13.9 

0.3 

0.0 

16.6 

4 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

1.0 

>5 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Total  (%) 

0.3 

21.5 

57.3 

19.5 

1.3 

0.0 

100.0 

°  Mean  D7S522.C EP7  ratio  =  0.59.  Average  D7S522  signals/nucleus  =1.15.  Average 
CEP7  signals/nucleus  =  1.96.  +CEP7  =  13.8%.  -CEP7  =  19.7%.  +D7S522  =  1.3%, 
-D7S522  =  78.3%. 

b  Mean  D7S523.CEP1  ratio  =1.01.  Average  D7S523  signals/nucleus  =  2.00.  Average 
CEP7  signals/nucleus  =  1.97.  -FCEP7  =  17.6%,  -CEP7  =  20.8%.  +D7S523  =  20.8%, 
— D7S523  =  21.8%. 


represent  the  intensity  of  upper  and  lower  alleles  at  D14S615  for  the  tumor 
sample.  The  corrected  intensity  of  upper  and  lower  alleles  for  the  tumor  sample 
at  the  D7S522  locus  was  calculated  by  multiplying  the  original  intensity  by  the 
index.  The  corrected  intensity  of  tumor  sample  was  compared  with  paired 
normal  sample.  Based  on  an  analysis  of  the  intensity  ratio  distribution  for  all 
informative  microsatellite  analyses  of  84  cases  (data  not  shown),  we  selected 
conservative  cutoffs  to  define  allelic  loss  or  gain.  If  the  intensity  ratio  of  tumor 
samplemormal  sample  was  1.30  or  more,  an  allele  was  defined  as  being  gained. 
If  the  ratio  was  0.75  or  less,  the  allele  was  defined  as  being  lost. 

FISH  Mapping  of  Chromosome  Breakage  at  FRA7G 

The  method  of  cell  line  and  metaphase  slide  preparation  has  been  described 
elsewhere  (19).  Briefly,  a  human-hamster  hybrid  cell  line  (1HL11-G)  that 
contains  a  single  chromosome  7  as  its  only  human  genetic  component  was 
cultured  in  MEM-a  containing  10%  FCS,  4  mM  glutamine,  100  units/ml 
penicillin/streptomycin,  and  3  X  10“5  mM  mitomycin  C.  Aphidicolin  dis¬ 
solved  in  70%  ethanol  at  a  final  concentration  of  0.4  pM  was  used  to  induce 
the  expression  of  fragile  sites.  The  aphidicolin-treated  cultures  were  harvested 
for  cytogenetic  analysis,  and  the  resultant  metaphases  were  examined  for 
chromosome  7  fragility  and  subjected  to  FISH  analysis. 

The  identical  D7S522  FISH  probe  (Vysis)  used  in  interphase  FISH  was 
applied  to  the  metaphase  preparations.  Before  hybridization,  the  DNA  probe 
and  slides  were  denatured  separately.  Hybridizations  were  performed  at  37°C. 
After  washing  and  counterstaining,  the  slides  were  examined  with  a  Zeiss 
Axioplan  microscope,  and  the  number  of  metaphases  with  the  D7S522  probe 
hybridizing  proximal  to,  spanning,  and  hybridizing  distal  to  the  fragile  site  was 
enumerated. 

Mutation  Analysis  of  the  MET  Gene 

We  evaluated  portions  of  the  MET  proto-oncogene  for  mutations  in  all  25 
tumor  samples.  Exons  5-7,  containing  the  cysteine-rich  region,  and  exons 
15-21,  containing  the  tyrosine  kinase  domain,  were  studied.  Heteroduplex 
'  analysis  by  ion-paired,  reversed-phase  DHPLC  (DNASep  column,  alkylated 
polystyrene-divinylbenzene  packing;  Sarasep  Inc.,  San  Jose,  CA)  was  used  for 
mutation  screening  as  reported  previously  (20).  Heteroduplex  analysis  by 
DHPLC  is  a  new  mutation  screening  method  with  high  throughput  specificity 
and  sensitivity  (21).  A  pilot  study  demonstrated  that  heteroduplex  analysis  by 


DHPLC  missed  1  of  100  known  polymorphisms  or  mutations  in  8  different 
genes.4 

All  cases  with  possible  sequence  alterations  detected  by  heteroduplex  anal¬ 
ysis  by  DHPLC  were  subjected  to  mutation  analysis  using  the  Thermo  Seque- 
nase  kit  (Amersham  Life  Science,  Inc.,  Cleveland,  OH).  Nucleotides  were 
numbered  according  to  the  scheme  in  GenBank.  Intronic  sequences  surround¬ 
ing  the  known  exons  of  the  MET  proto-oncogene  were  determined  and  kindly 
provided  by  Dr.  Laura  S.  Schmidt  (National  Cancer  Institute-Frederick  Cancer 
Research  &  Development  Center,  Frederick,  MD). 

Statistical  Analysis 

The  software  program  Statview  version  4.0  was  used  for  statistical  analysis. 
The  relationships  of  FISH  anomalies  with  Gleason  score  and  pathological 
stage  were  evaluated  by  the  Pearson  x1  test.  The  significance  level  was  0.05. 

RESULTS 

Anomalies  of  7q  Locus  Copy  Number  in  Prostate  Cancer 
Detected  by  FISH 

Normal  Value  Study.  To  accurately  ascertain  the  copy  number 
alterations  of  the  chromosome  7  centromere  and  chromosome  7q-arm 
regions  in  prostate  cancer,  we  undertook  a  detailed  normal  value 
study.  This  normal  value  study  was  necessary,  because  the  FISH 
analysis  was  performed  using  5-/xm  sections  from  paraffin-embedded 
prostate  specimens.  Nuclear  truncation  and  nuclear  overlap  can  cause 
false  signal  loss  and  false  signal  gain  in  such  specimens.  For  the 
normal  value  study,  each  of  the  LSP/CEP7  dual  probe  pairs  was 
hybridized  to  10  apparently  benign  prostate  regions.  Only  normal 
epithelial  cells  were  enumerated.  For  each  normal  region,  the  FISH 
data  were  tabulated,  and  the  FISH  variables  were  calculated  as  de¬ 
scribed  in  “Materials  and  Methods/’  Table  2  summarizes  the 
mean  ±  3  SD  for  each  of  the  FISH  variables  for  the  10  normal 
prostate  regions  we  evaluated.  In  benign  epithelia,  the  mean  LSP: 
CEP7  ratio  for  the  six  LSPs  ranged  from  0.97-1.01.  The  mean 
percentage  of  epithelial  nuclei  with  -CEP7  and  +CEP7  ranged  from 
19.4-22.2  and  1. 6-3.7%,  respectively.  The  mean  percentage  of  epi¬ 
thelial  nuclei  with  -LSP  and  +LSP  ranged  from  20.2-24.6  and 
0.9-3.2%,  respectively. 

Criteria  for  FISH  Anomalies.  Based  on  the  normal  value  study 
and  an  inspection  of  the  distribution  of  FISH  signals  among  the 
carcinoma  foci,  we  developed  the  following  conservative  criteria  for 
LSP  copy  number  anomalies:  ( a )  simple  gain  of  both  the  chromosome 
7q-arm  and  the  centromere,  without  any  relative  increase  of  LSP  copy 
number,  required  an  overall  mean  LSP:CEP7  signal  ratio  of  0.90- 
1. 10  and  >10%  epithelial  nuclei  with  2:3  signals  for  each  LSP  and  for 
CEP7.  The  percentage  of  cells  with  ^3  signals  must  also  be  similar 
for  each  probe;  ( b )  low  additional  increases  of  LSP  copy  number 
relative  to  centromere  copy  number  (LAI)  required  a  mean  LSP:CEP7 
signal  ratio  of  >1.10  and  <1.35  and  2:10%  epithelial  nuclei  with  ^3 
signals  for  each  LSP.  Most  of  these  cases  also  had  >10%  epithelial 
nuclei  with  >3  signals  for  CEP7.  LAI  identifies  cancer  foci  whose 
nuclei  might  have  relative  LSP  duplication;  (c)  high  additional  in¬ 
creases  of  LSP  copy  number  relative  to  centromere  copy  number 
(HAI)  required  a  mean  LSP:CEP7  ratio  of  ^  1 .35  and  ^10%  epithelial 
nuclei  with  >3  signals  for  each  LSP.  All  of  these  cases  also  had 
>10%  epithelial  nuclei  with  ^3  signals  for  CEP7.  HAI  identifies 
cancer  foci  whose  nuclei  might  have  relative  LSP  triplication  or  overt 
LSP  amplification  (e.g.,  relative  LSP  quadruplication  or  greater);  (d) 
simple  loss  of  both  the  chromosome  7q-arm  and  the  centromere 
without  any  relative  increase  of  LSP  copy  number  required  an  overall 
mean  LSP:CEP7  signal  ratio  of  0.90-1.10  and  >55%  of  epithelial 


4  W.  Liu  et  al ,  unpublished  observations. 


761 


molecular  CYTOGENETICS  OF  7Q  in  prostate  cancer 


Table  2  Summary  of  the  mean  values 

±  3  SD  for  analyzed  FISH  variables  in  10 

regions  of  apparently  benign  prostate a 

* 

Probe 

LSP:CEP7  ratio 

+CEP7* 

-CEP7* 

+LSP* 

-LSP* 

ELN 

D7S523 

D7S486 

D7S522 

D7S480 

D7S490 

0.97  ±  0.04 

1.01  ±  0.03 

1.00  ±  0.01 

0.98  ±  0.05 

0.99  ±  0.04 

1.00  ±  0.03 

3.7  ±  5.8 

2.7  ±  5.0 

2.6  ±  5.3 

1.6  ±  2.5 

3.3  ±  5.3 

3.1  +5.1 

22.0  ±  13.5 
19.4  ±  11.7 
20.0  ±  12.5 

21.8  ±  24.2 

19.9  ±  22.4 
22.2  ±  23.7 

2.8  ±  4.9 

3.2  ±  5.7 

3.0  ±  5.9 

0.9  ±  2.5 

2.9  ±  4.5 

3.0  ±  5.0 

21.2  t  1 1.8 

22.4  ±  13.5 

20.4  ±  12.5 

24.6  ±  22.0 

20.2  t  17.6 

21.8  ±  16.0 

a  See  Fig.  1  and  the 

text  for  definition  of  variables. 

\  +LSP,  LSP,  percentage  of  cells  with  gain  (>3)  or  loss  (0-1)  of  CEP7  or  LSP  signals. 


nuclei  with  0-1  signals  for  each  LSP  and  for  CEP7.  The  percentage 
of  cells  with  0-1  signals  must  also  be  similar  for  each  probe.  Keep  in 
mind  that  this  percentage  is  high  because  of  nuclear  truncation;  (e) 
relative  loss  of  LSP  copy  number  (RL)  required  a  mean  LSP:CEP7 
signal  ratio  ^  0.90.  RL  defined  cancer  foci  whose  nuclei  might  have 
actual  deletion  of  the  LSP  or  decreased  LSP  copy  number  relative  to 
CEP7  copy  number;  and  (f)  high  level  proliferation  (HLP)  was  sus¬ 
pected  when  a  focus  had  a  mean  LSP:CEP7  ratio  of  >1.1,  and  the 
percentage  of  nuclei  in  the  S  phase/G2-M  phase  determined  by  flow 
cytometry  was  similar  to  the  percentage  of  nuclei  with  relative  LSP 
duplication. 

The  category  of  HLP  was  added  because  chromatid  separation  may 
occur  in  cells  in  the  S  phase  and  G2-M  phase  of  the  cell  cycle.  HLP 
would  result  in  a  falsely  elevated  LSP:CEP7  ratio  in  the  absence  of  the 
LSP  overrepresentation.  One  cancer  focus  (case  33)  clearly  had  evi¬ 
dence  of  high  proliferative  activity.  This  tumor  had  38%  of  cells  in  the 
S  phase/G2-M  phase  and  37%  of  nuclei  with  relative  LSP  duplication. 

Summary  of  FISH  Anomalies  in  25  Stage  Prostate 

Cancer  Specimens.  Table  1  and  Fig.  1  illustrate  typical  FISH  images 
and  enumeration  data  derived  from  case  38.  Fig.  1A  and  Table  1  show 
the  FISH  results  for  the  D7S522/Q EP7  probe  pair  for  a  cancer  focus 
of  case  38.  For  this  cancer  focus,  13.8  and  19.7%  of  nuclei  had 
+CEP7  and  -CEP7,  respectively.  The  percentage  of  nuclei  with 
+D7S522  and  -D7S522  was  1.3  and  78.3%,  respectively.  The  mean 
D7S522'. CEP7  signal  ratio  was  0.59.  On  the  basis  of  our  abnormal 
criteria,  we  defined  this  focus  as  having  +CEP7  and  -D7S522.  Fig. 
IB  and  Table  1  show  the  FISH  results  for  the  D7S523ICEY1  probe 
pair  for  the  same  cancer  focus  of  case  38.  Unlike  the  results  for  the 
D7S522/CEP7  probe  pair,  this  cancer  focus  had  a  similar  level  of 
+CEP7  (17.6%)  and  +D7S523  (20.8%),  a  similar  level  of  — CEP7 


(20.8%)  and  -D7S523  (21.8%),  and  a  mean  D7S523-.CEP1  signal 
ratio  of  1.01.  On  the  basis  of  our  abnormal  criteria,  we  defined  this 
focus  as  having  +CEP7  and  +D7S523.  The  remaining  four  probe 
pairs  were  hybridized  to  the  same  cancer  focus,  and  the  data  were 
analyzed  as  described  above.  The  FISH  data  for  D7S486  were  similar 
to  D7S522,  and  the  FISH  data  for  ELN,  D7S480,  and  D7S490  were 
similar  to  D7S523  (data  not  shown).  Based  on  our  criteria,  we  defined 
this  focus  as  having  an  apparent  gain  of  most  of  the  chromosome 
7q-arm  (including  the  centromere)  together  with  loss  of  the  region 
containing  D7S486  and  D7S522. 

We  performed  FISH  and  analyzed  the  data  for  each  cancer  focus  as 
described  for  case  38.  Fig.  2  and  Table  3  summarize  the  chromosome 
7  FISH  anomalies  detected  in  25  tumors.  Six  tumors  (24%,  cases  13, 
17,  29,  34,  50,  and  52)  had  no  apparent  anomaly  of  chromosome  7. 
Nine  tumors  (36%,  cases  7,  10, 12, 14, 19, 26,  33, 44,  and  51)  showed 
apparent  simple  gain  of  both  the  chromosome  7q-arm  and  the  centro¬ 
mere,  consistent  with  whole  chromosome  7  gain.  For  example,  in  case 
10,  the  mean  LSP:CEP7  ratio  for  the  six  LSPs  ranged  from  0.98-1.09, 
and  26-29%  of  nuclei  had  three  or  more  signals  for  CEP7  and  the 
LSPs.  In  addition  to  gain  of  the  7q-arm,  case  33  also  had  evidence  of 
high  proliferative  activity  (see  criteria  for  FISH  anomalies).  Three 
tumors  (12%,  cases  6, 11,  and  54)  had  LAI.  Two  of  these  (cases  6  and 
1 1)  also  had  gain  of  the  centromere.  For  example,  in  case  6,  the  mean 
LSP:CEP7  ratio  for  the  six  LSPs  was  very  similar  for  all  probes  and 
ranged  from  1.10-1.16.  The  percentage  of  nuclei  with  +CEP7  and 
+LSP  was  20%  for  CEP7  and  approximately  34%  for  the  six  LSPs. 
In  case  11,  the  mean  LSP:CEP7  ratio  for  the  six  LSPs  ranged  from 
1.10-1.13.  The  percentage  of  nuclei  with  +CEP7  and  +LSP  was 
74%  for  CEP7  and  approximately  81%  for  the  six  LSPs.  Two  tumors 
(8%,  cases  46  and  47)  had  HAI.  For  example,  in  case  46,  the  mean 


Fig.  2.  Summary  of  FISH  results  for  CEF7  and 
six  7q  arm  loci  in  25  clinically  localized  prostate 
cancers.  For  further  definition  of  different  alter¬ 
ations  in  this  figure,  see  “Materials  and  Methods." 
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Table  3  A  summary  of  the  chromosome  7  FISH  results  and  a  comparison  of  FISH  and  PCR  analyses  of  D7S522  in  25  stage  T2__jA/0_;A/0  prostate  cancers 


Case  no. 

Chromosome  la 

FISH  results 

PCR  results 

+CEP7  (%) 

+D7S522  (%) 

D7S522: CEP7  signal  ratio 

CEP7* 

D7S522b 

D7S522b 

3 

-CEP7 

1.6 

4.6 

1.21 

- 

N 

N 

6 

+7q,  LAI  of  7ql  1.21-31 

20.4 

34.7 

1.15 

+ 

+ 

+ 

7 

+7q 

47.3 

46.6 

1.02 

+ 

+ 

NI 

8 

+7q,  RL  of  7q31 

60.6 

34.4 

0.73 

+ 

— 

- 

10 

+7q 

25.7 

28.6 

1.04 

-f 

+ 

+ 

11 

+7q,  LAI  of  7ql  1.21-31 

73.8 

80.6 

1.12 

+ 

+ 

+ 

12 

+7q 

63.7 

74.6 

1.08 

+ 

+ 

+ 

13 

N 

6.3 

7.2 

1.00 

N 

N 

N 

14 

+7q 

54.2 

53.0 

1.02 

+ 

+ 

+ 

17 

N 

5.0 

4.4 

1.02 

N 

N 

N 

19 

+7q 

24.5 

23.8 

0.99 

+ 

+ 

+ 

26 

+7q 

50.6 

52.6 

1.01 

+ 

+ 

+ 

27 

+7q,  RL  of  D7S522 

45.3 

33.8 

0.90 

+ 

+ 

+ 

29 

N 

2.6 

1.7 

0.98 

N 

N 

N 

33 

+7q 

78.7 

82.2 

1.07 

+ 

4- 

NI 

34 

N 

2.6 

2.2 

1.01 

N 

N 

N 

38 

+7q,  RL  of  D7S522  and  D7S486 

13.8 

1.3 

0.59 

+ 

- 

- 

44 

+  7q 

38.1 

37.3 

1.03 

.+ 

+ 

N 

46 

+7q,  HAI  of  7ql  1.21-3 1 

21.2 

49.7 

1.36 

+ 

+ 

+ 

47 

+7q,  HAI  of  7q3l 

70.3 

90.5 

1.63 

+ 

+ 

+ 

50 

N 

6.6 

5.1 

1.00 

N 

N 

N 

51 

+7q 

36.8 

34.3 

0.98 

+ 

+ 

NI 

52 

N 

6.0 

4.3 

0.99 

N 

N 

N 

53 

-7q 

3.1 

2.3 

1.00 

- 

- 

NI 

54 

+7.  LAI  of  7q31 

6.2 

29.8 

1.24 

N 

+ 

N 

a  Summary  of  all  FISH  changes  for  chromosome  7  (see  Fig.  2).  Alterations  are  abbreviated  as  follows:  N,  no  apparent  chromosomal  anomaly;  +7q,  simple  gain  of  the  chromosome 
7q  arm,  including  the  centromere;  -7q,  simple  loss  of  the  chromosome  7q-arm,  including  the  centromere. 

b  +,  increased  dosage  for  indicated  chromosome  regions;  — ,  decreased  dosage  for  indicated  chromosome  regions;  NT,  noninformative. 


LSP:CEP7  ratio  for  the  six  LSPs  ranged  from  1.35-1.46,  and  the 
percentage  of  nuclei  with  +CEP7  and  +LSP  was  21%  for  CEP7  and 
approximately  50%  for  the  six  LSPs.  Very  few  of  nuclei  from  these 
two  cases  with  HAI  had  evidence  of  relative  LSP  quadruplication  or 
greater,  suggesting  that  overt  LSP  amplification  was  rare.  One  tumor 
(4%,  case  53)  had  a  simple  loss  of  both  the  chromosome  7q-arm  and 
the  centromere,  consistent  with  whole  chromosome  7  loss.  Three 
tumors  (12%,  cases  8,  27,  and  38)  had  evidence  of  gain  of  some  LSPs 
and  relative  loss  of  other  LSPs.  For  example,  case  8  had  gain  of  CEP7, 
ELNy  and  D7S490  together  with  relative  loss  of  D7S523 ,  D7S486 , 
D7S522 ,  and  D7S480.  In  this  tumor,  21%  of  the  nuclei  had  +CEP7, 
and  the  mean  LSP:CEP7  ratio  for  ELNy  D7S523y  D7S486y  D7S522y 
D7S480y  and  D7S490  was  1.06,  0.79,  0.73,  0.73,  0.80,  and  0.91, 
respectively.  One  tumor  (4%,  case  3)  had  a  normal  range  of  copy 
numbers  for  the  six  LSPs  studied  and  an  apparent  loss  of  CEP7. 

The  location  of  the  commonly  altered  regions  can  be  inferred  by  the 
pattern  of  locus  dosage  determined  by  FISH  analyses  of  these  25 
tumors  (Fig.  2).  The  most  commonly  overrepresented  region  is  de¬ 
fined  by  cases  54  and  47  and  includes  all  loci  evaluated  in  the 
7q31. 1-31.2  region.  The  minimal  deletion  region  is  defined  proxi- 
mally  by  cases  38  and  27  and  distally  by  case  27.  The  most  commonly 
deleted  region  lies  between  D7S523  and  D7S522. 

Relationships  of  7q31  Alterations  with  Pathological  Factors. 
Table  4  shows  that  overrepresentation  of  the  7q31  region  (sim¬ 
ple  +  7q,  LAI,  and  HAI)  increased  in  frequency  with  increasing 
Gleason  score  (P  =  0.01).  An  additional  increase  in  LSP  copy  number 


Table  4  Relationship  of  overrepresentation  of  7q3I  with  Gleason  score  in  25  clinically 
localized  prostate  carcinomas 


Gleason  score 

n 

Cases  with  indicated  anomalies  (%) 

+7q 

LAI 

HAI 

+7q31a 

4-6 

6 

0 

0 

0 

0 

7 

7 

43 

0 

0 

43 

8-10 

12 

50 

25 

17 

92 

ph 

0.1 

0.16 

0.31 

0.01 

a  +7q31,  the  sum  of  simple  gain  of  7q,  LAI  and  HAI. 
b  P,  Gleason  score  4-6  versus  1  versus  8-10. 


(LAI  and  HAI)  accounted  for  much  of  this  increase.  No  positive 
correlation  for  overrepresentation  of  7q31  with  pathological  stage 
could  be  identified  (data  not  shown).  There  was  no  positive  relation¬ 
ship  of  7q3 1  deletion  with  either  Gleason  score  or  pathological  stage 
(data  not  shown). 

Comparison  of  FISH  Results  with  Multiplex  PCR  Results 

To  obtain  independent  evidence  that  the  critical  region  of  chromo¬ 
some  7  was  both  gained  and  lost  in  these  tumors,  we  performed 
multiplex  PCR  analysis  of  microsatellite  alleles  using  D7S522  and  a 
control  marker,  D14S615.  Fig.  3  shows  representative  data  from 
tumors  6,  8,  and  46.  Tumor  8  was  interpreted  to  have  loss  of  the  lower 
D7S522  allele,  whereas  tumors  6  and  46  were  interpreted  to  have  gain 
of  the  lower  D7S522  allele.  Table  3  summarizes  the  comparison  of 
FISH  results  with  multiplex  PCR  results.  Of  21  informative  cases, 
FISH  and  multiplex  PCR  assessments  of  D7S522  dosage  were  con¬ 
cordant  in  19  cases  (90.5%)  and  discordant  in  2  cases  (9.5%).  Seven 
cases  (cases  3,  13,  17,  29,  34,  50,  and  52)  showed  no  apparent 
anomaly  of  7q31  by  both  FISH  and  PCR.  Ten  cases  (cases  6,  10,  1 1, 
12,  14,  19,  26,  27, 46,  and  47)  showed  evidence  of  increased  D7S522 
dosage  by  both  FISH  and  PCR.  Two  cases  (cases  8  and  38)  showed 
evidence  of  decreased  D7S522  dosage  by  both  FISH  and  PCR.  Two 
cases  (cases  44  and  54)  showed  evidence  of  increased  D7S522  dosage 
by  FISH  and  normal  D7S522  dosage  by  PCR. 

FISH  Mapping  of  Chromosome  Breakage  at  Fragile  Sites  at 
7q31 

Aphidicolin  was  used  to  induce  fragile  site  expression  in  a  chro¬ 
mosome  7  only  somatic  cell  hybrid  (1HL11-G).  A  total  of  159 
chromosome  7  gaps  and  breaks  were  observed  on  examination  of 
4817  metaphase  cells.  Of  these  159  gaps  and  breaks,  27  (17%)  were 
located  at  7q31  ( FRA7G ).  The  D7S522  FISH  probe  was  hybridized  to 
the  metaphase  preparations,  and  typical  FISH  images  are  illustrated  in 
Fig.  4.  Fig.  4A  shows  a  metaphase  in  which  D7S522  probe  hybridizes 
distal  to  FRA7G.  Fig.  4 B  illustrates  a  metaphase  in  which  the  D7S522 
probe  hybridizes  proximal  to  FRA7G .  Among  27  metaphase  cells  with 
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Case  8  Case  6  Case  46 


D7S522 


N  T 


N  T 


N  T 


D14S615 


Fig.  3.  Examples  of  comparative  multiplex  PCR  for  cases  8  and  46.  An  internal 
control  marker  ( D14S615 )  indicates  that  almost  equal  amounts  of  DNAs  were  ampli¬ 
fied  in  the  PCR  reaction  and  loaded  in  the  tumor  (7)  and  noncancerous  ( N)  lanes.  Case 
8  shows  a  loss  of  the  lower  D7S522  allele  ( dashed  arrow).  The  intensity  ratio  of  tumor 
samplernormal  sample  for  case  8  was  0.43.  Cases  6  and  46  show  a  gain  of  the  lower 
band  D7S522  allele  ( solid  arrows).  The  intensity  ratios  were  1.35  for  case  6  and  1.46 
for  case  46,  respectively. 


breaks  at  7q31,  10  (37%)  showed  FISH  hybridization  distal  to 
FRA7G ,  5  (19%)  showed  FISH  hybridization  proximal  to  FRA7G,  and 
12  (44%)  showed  FISH  hybridization  spanning  FRA7G. 

Mutation  Analysis  of  the  MET  Gene 

The  MET  proto-oncogene  is  mapped  to  7q31  and  is  within  500  kb 
of  D7S522  (19,  22).  Mutations  in  the  tyrosine  kinase  domain  of  the 
MET  proto-oncogene  have  been  identified  in  papillary  renal  carcino¬ 
mas  (22),  tumors  that  frequently  have  a  gain  of  chromosome  7  (21). 
To  detect  mutations  of  the  MET  gene  in  the  25  tumor  DNA  specimens, 
we  scanned  exons  5-7  and  exons  15-21,  containing  the  cysteine-rich 
and  tyrosine  kinase  domains  of  MET,  respectively.  The  heteroduplex 
DHPLC  mutation  screening  procedure  detected  28  alterations  among 
the  10  exons.  DNA  sequence  alterations  were  detected  for  27  of  these 
28  DHPLC  changes,  and  none  were  nonsense,  missense,  or  truncating 
mutations.  All  were  apparently  silent  polymorphisms;  13  and  14 


tumor  DNA  specimens  contained  1 13571  and  Y649Y  alterations, 
respectively. 

DISCUSSION 

Frequent  allelic  imbalance  on  chromosome  7q3 1  has  been  shown  in 
a  number  of  tumors  including  breast  cancer,  head  and  neck  cancer, 
prostate  cancer,  colon  cancer,  malignant  myeloid  disorder,  ovarian 
cancer,  and  T-cell  malignancies  (9-13,  23-26).  Breast  cancer  patients 
with  allelic  imbalance  at  7q31.1  (the  MET  locus)  have  been  reported 
to  show  significantly  higher  risk  of  relapse  and  shorter  metastasis-free 
survival  and  overall  survival  compared  to  patients  without  this  alter¬ 
ation  (27,  28).  In  a  recent  study  from  our  laboratory,  allelic  imbalance 
for  D7S522  at  7q3 1  was  found  to  correlate  more  strongly  with  prostate 
cancer  progression  and  patient  death  from  prostate  cancer  (14).  Lin  et 
al.  reported  a  minimum  deletion  of  1000  kb  at  7q3 1  in  breast  cancer 
(29),  and  Edelson  et  al  (25)  identified  a  1 300-kb  deletion  unit  at  7q3 1 
in  invasive  epithelial  ovarian  carcinomas.  Taken  together,  these  find¬ 
ings  suggest  that  7q31  is  the  location  of  a  gene  significant  for  certain 
malignancies.  But  in  many  of  the  studies  mentioned  above,  multiplex 
PCR  was  not  performed  to  carefully  control  the  amount  of  tumor  and 
nontumor  DNA  amplified  by  the  PCR  and  then  loaded  onto  gels. 
Previous  loss  of  heterozygosity  studies  of  chromosome  7  in  prostate 
cancer  may  be  misleading  when  they  suggest  that  a  tumor  suppressor 
gene  resides  at  7q3L 

Cytogenetic  and  FISH  centromeric  studies  have  demonstrated  that 
chromosome  7  was  often  gained  and/or  7q22-q31  was  often  dupli¬ 
cated  in  prostate  cancer  (2-7).  In  the  present  study,  using  closely 
linked  locus  specific  probes,  we  confirmed  that  7q31  is  frequently 
altered  in  prostate  cancer.  We  also  found  that  apparent  simple  gain  of 
the  chromosome  7q-arm  including  the  centromere  and  additional  gain 
of  the  7q-arm  relative  to  the  centromere  were  more  common  than 
simple  loss  of  the  chromosome  7q  arm  or  deletion  of  7q31.  Based  on 
FISH  dosage  in  two  tumors  (cases  47  and  54),  we  hypothesize  that  the 
most  commonly  overrepresented  region  includes  all  of  7q31. 1-31.2. 
Because  our  proximal  probe  was  the  ELN  gene  and  we  did  not  use  a 
more  distal  probe  in  this  study,  the  actual  extent  of  the  region  of 
overrepresentation  cannot  be  determined.  Using  comparative  genomic 
hybridization,  Visakorpi  et  al  (23)  found  that  gain  of  chromosome  7 
was  much  more  common  in  recurrent  prostate  cancer  than  in  primary 


/ 

A 


/ 

B 


Fig.  4.  Hybridization  to  metaphases  containing  aphidicolin-induced  7q31  breakage  with  a  FISH  probe  for  D7S522.  A.  probe  hybridization  distal  to  the  7qM  break  (F/U7G)  B  probe 
hybridization  proximal  to  the  7q31  break  (FR.A7G). 
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prostate  cancer.  They  observed  that  the  most  commonly  gained  region 
on  the  7q-arm  extended  from  the  centromere  to  band  7q31  (23).  By 
comparative  genomic  hybridization,  Cher  et  al.  (24)  also  detected 
frequent  gain  of  the  chromosome  7q-arm,  and  overrepresentation  of 
the  region  from  band  7q21  to  7q32  was  especially  common  in  met¬ 
astatic  and  androgen-independent  prostate  cancer.  In  this  study,  we 
found  that  overrepresentation  of  the  7q3 1  region  was  strongly  corre¬ 
lated  with  Gleason  score  of  prostate  cancer.  All  of  these  findings 
suggest  that  overrepresentation  of  the  7q-arm  and  possibly  the  7q31 
region  is  important  for  the  progression  of  prostate  cancer.  Our  FISH 
data  also  suggest  that  this  overrepresentation  is  a  result  of  simple 
relative  duplication  and/or  triplication  of  the  7q-arm  or  the  7q31 
region. 

In  this  study,  we  also  observed  three  cases  of  prostate  cancer  with 
the  deletion  of  a  specific  7q31  region.  Among  these  three  cases,  the 
most  commonly  deleted  region  was  between  loci  D7S523  and 
D7S522.  Because  we  used  relatively  small  FISH  probes  (<225  kb  in 
length)  to  map  the  genetic  changes  at  the  7q-arm,  we  suspect  that  we 
detected  most  of  the  genetic  deletions.  However,  we  have  not  ex¬ 
cluded  the  presence  of  deletions  smaller  than  the  size  of  our  probes. 
Interestingly,  the  commonly  deleted  region  is  within  the  most  com¬ 
monly  gained  region,  suggesting  that  the  7q31  region  is  genetically 
unstable  in  prostate  cancer. 

Our  multiplex  PCR  studies  supported  our  FISH  observations.  The 
multiplex  PCR  analysis  did  not  detect  more  D7S522  deletions  than 
FISH.  This  indicates  that  FISH  with  an  appropriate  LSP  is  a  reliable 
approach  for  determining  the  dosage  of  specific  chromosome  regions. 
However,  in  two  cases,  FISH  analysis  showed  evidence  of  increased 
D7S522  dosage,  whereas  PCR  analysis  suggested  a  normal  D7S522 
dosage.  A  possible  explanation  for  this  discrepancy  is  that  PCR 
analysis  of  gene  dosage  using  DNA  extracted  from  tumor  tissue  is 
limited  by  normal  cell  contamination. 

Many  of  the  common  fragile  sites  occur  at  chromosome  regions 
that  are  frequently  altered  in  tumors  (30).  Because  we  observed  both 
gains  and  deletions  of  7q31,  we  hypothesized  that  these  alterations 
could  be  due  to  fragility  at  the  common  fragile  site,  FRA7G .  Recently, 
we  identified  several  overlapping  YAC  clones  spanning  FRA7G  (19). 
These  clones  map  to  the  commonly  altered  region  and  contain  both 
the  D7S522  locus  and  the  MET  oncogene  (19).  In  the  present  study, 
we  performed  FISH  analysis  of  aphidicolin-induced  chromosome 
breakage  in  a  chromosome  7-containing  somatic  cell  hybrid.  Our 
results  demonstrate  that  FRA7G  breakage  occurs  throughout  the 
D7S522  region,  because  the  D7S522  FISH  probe  hybridized  both 
proximally  and  distally  to  the  7q3 1 .2  fragile  site.  This  result  is  similar 
to  previous  findings  for  FRA3B ,  the  most  active  of  the  common  fragile 
sites  (31,  32),  in  which  it  was  demonstrated  that  breakage  occurs  over 
a  region  of  at  least  300  kb  in  size.  The  coincidence  of  FRA7G  with  the 
region  showing  the  greatest  allelic  imbalance  suggests  that  instability 
of  this  fragile  site  may  be  responsible  for  both  the  gains  and  losses  of 
this  region.  Interestingly,  Coquelle  et  al.  (33)  have  recently  observed 
that  intrachromosomal  gene  amplification  may  be  triggered  by  the 
expression  of  fragile  sites  in  cells  cultured  in  vitro.  A  similar  phe¬ 
nomenon  may  be  occurring  in  7q31  in  vivo . 

The  MET  proto-oncogene  is  distal  to  FRA7G  and  is  within  500  kb 
telomeric  of  D7S522  (19,  22,  29).  MET  has  been  shown  to  be 
overexpressed  in  papillary  carcinoma  of  the  thyroid  and  in  carcinomas 
of  the  colon,  pancreases,  ovary,  and  prostate  (19,  34-39).  In  addition, 
mutations  in  the  tyrosine  kinase  domain  of  the  MET  proto-oncogene 
have  been  identified  in  papillary  renal  carcinomas  (22);  tumors  that 
frequently  have  gain  of  chromosome  7  (22).  Thus,  MET  is  an  excel¬ 
lent  candidate  target  gene  in  band  7q31.  In  this  study,  we  scanned  both 
of  the  tyrosine  kinase  and  cysteine-rich  domains  of  MET.  Only  silent 
polymorphisms  were  identified,  indicating  that  these  domains  of  MET 


are  rarely  mutated  in  prostate  cancer.  However,  it  should  be  noted  that 
we  have  not  excluded  alterations  in  other  regions  of  MET.  It  is  also 
possible  that  amplification  or  overrepresentation  of  the  7q31  region 
may  result  in  overexpression  of  MET.  In  this  study,  we  rarely  ob¬ 
served  nuclei  with  overt  amplification  of  the  LSPs  we  evaluated,  even 
in  the  two  tumors  with  HAL  Thus,  it  is  unlikely  that  MET  is  amplified 
in  prostate  cancer  to  a  greater  extent  than  the  levels  we  measured  for 
the  7q31  region,  because  most  amplicons  are  reported  to  be  greater 
than  5  Mb  in  size  (40,  41). 

In  summary,  we  have  evaluated  the  genetic  changes  of  the  7q-arm 
in  prostate  cancer  using  both  FISH  and  multiplex  PCR.  Our  data 
suggest  that  the  7q-arm  is  genetically  unstable  in  prostate  cancer  and 
is  subject  to  both  deletion  and  duplication  (or  additional  overrepre¬ 
sentation)  events.  Overrepresentation  of  7q31  is  strongly  correlated 
with  increased  tumor  grade.  Some  of  the  gene  dosage  differences 
observed  in  this  region  may  be  due  to  fragility  of  FRA7G .  Our 
observations  have  two  possible  implications:  {a)  it  is  possible  that 
overrepresentation  of  the  7q-arm,  7q31,  and/or  genes  in  these  regions 
may  be  important  for  the  development  and/or  progression  of  a  signif¬ 
icant  proportion  of  prostate  cancer.  If  this  is  so,  then  our  data  suggest 
that  MET  is  unlikely  to  be  the  target  gene;  and  ( b )  conversely,  it  is  also 
possible  that  prostate  cancer  progression  is  associated  with  increased 
chromosomal  fragility,  perhaps  as  a  result  of  other  genetic  alterations 
(28).  If  this  is  so,  then  fragility  at  FRA7G  may  be  why  the  7q-arm  and 
7q31  are  frequently  altered  in  prostate  cancer,  rather  than  there  being 
an  important  tumor  suppressor  gene  or  oncogene  in  these  regions. 
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Consistent  deletion  of  DNA  sequences  in  chromosomal  band  3p2l  observed  in  a  variety  of  human  tumors  suggests  the 
presence  of  one  or  more  tumor  suppressor  genes  within  this  region.  Previously,  we  reported  on  the  construction  of  two 
distinct  cosmid  contigs  and  our  identification  of  several  new  genes  within  3p2!.l.  In  our  search  for  tumor  suppressor  genes 
from  this  region,  we  have  cloned  a  gene  that  we  have  called  DRR  I  (down regulated  in  renal  cell  carcinoma).  The  gene  was  first 
mapped  to  3p2l.l  by  fluorescence  in  situ  hybridization  analysis.  Further  analysis  of  yeast  artificial  chromosome  clones  in 
3p  14.2— p2 1 . 1  refined  its  localization.  DRR  /  spans  about  10  Kb  of  genomic  DNA  with  a  3.5-Kb  mature  transcript.  The  putative 
protein  encoded  by  this  gene  is  1 44  amino  acids  and  includes  a  nuclear  localization  signal  and  a  coiled  domain.  The  gene  showed 
loss  of  expression  in  eight  of  eight  renal  cell  carcinoma  cell  lines,  one  of  seven  ovarian  cancer  cell  lines,  one  of  one  cervical 
cancer  cell  line,  one  of  one  gastric  cancer  cell  line,  and  one  of  one  non-small-cell  lung  cancer  cell  line.  Southern  blot  analysis  did 
not  show  any  altered  bands,  indicating  that  gross  structural  changes  or  deletions  did  not  cause  the  loss  of  expression.  This  gene 
was  also  found  to  have  reduced  expression  in  23  of  34  paired  primary  renal  cell  carcinomas.  Mutational  analysis  detected  three 
polymorphic  sites  within  the  gene,  but  no  point  mutations  were  identified  in  the  34  primary  tumors.  However,  we  did  detect 
base  substitutions  in  4  of  1 2  cell  lines  that  had  undetectable  expression  of  the  gene.  We  also  transfected  the  gene  into  DRR 
/-negative  cell  lines  and  observed  clear  growth  retardation.  Our  results  suggest  that  loss  of  expression  of  the  DRR  I  gene  may 
play  an  important  role  in  the  development  of  renal  cell  carcinoma  and  possibly  other  tumors.  Genes  Chromosomes  Cancer 
27:1-10 ,  2000.  ©  2000  Wiley-Liss,  Inc. 


INTRODUCTION 

Consistent  loss  of  DNA  sequences  from  several 
regions  on  the  short  arm  of  human  chromosome  3 
has  suggested  that  there  may  be  multiple  tumor 
suppressor  genes  on  this  chromosomal  arm  (Kok  et 
al.,  1997).  Chromosomal  band  3p21  is  believed  to 
harbor  tumor  suppressor  genes  based  on  the  obser¬ 
vation  of  frequent  deletions  in  this  region  in  several 
types  of  tumors,  including  lung,  kidney,  breast,  and 
ovarian  carcinomas  (Killary  et  al.,  1992;  Daly  et  al., 
1993;  Satoh  et  al.,  1993).  DNA  sequences  from 
3p21  have  also  been  reported  to  suppress  the 
growth  of  tumor  cells  (Killary  et  al.,  1992;  Rimessi 
et  al.,  1994). 

Previously,  we  described  the  isolation  of  two 
cosmids  from  human  chromosomal  band  3p21.1, 
which  contained  clusters  of  unmethylated,  rare 
restriction  endonuclease  sites  and  DNA  sequences 
that  were  found  to  be  evolutionarily  conserved. 
Cosmid  walking  identified  two  distinct  contigs  of 
overlapping  cosmids  surrounding  the  two  cosmids 
(Smith  et  al.,  1989).  We  also  described  the  identifi¬ 


cation  of  three  new  genes  from  the  proximal  contig 
and  two  from  the  distal  contig  (Shridhar  et  al., 
1994).  One  of  the  five  genes,  called  ARP  (Arginine- 
Rich  Protein),  was  evolutionarily  conserved  and 
encodes  a  novel,  ubiquitously  expressed,  arginine- 
rich  protein  (Shridhar  et  al.,  1996).  The  coding 
portion  of  this  gene  contains  an  imperfect  trinucleo¬ 
tide  repeat  that  encodes  multiple  arginines.  Se¬ 
quence  analysis  detected  point  mutations  of  the 
gene  in  several  human  cancers  (Shridhar  et  al., 
1996).  However,  subsequent  analysis  revealed  that 
many  of  these  changes  could  potentially  be  ex¬ 
plained  by  polymorphisms  in  the  imperfect  tri¬ 
nucleotide  repeat  region  (Evron  et  al.,  1997). 

The  aminoacylase-1  ( ACY1 )  gene  and  a  gene 
called  RIK  are  also  located  at  3p21.1  (Erlandsson  et 
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ah,  1990;  Cook  et  al.,  1993).  Expression  of  these  two 
genes  has  been  demonstrated  to  be  highly  reduced 
in  human  cancers.  However,  Southern  and  North¬ 
ern  analyses  failed  to  demonstrate  any  gross  abnor¬ 
malities  of  these  genes  in  cancer  cell  lines  and 
primary  tumors. 

In  this  article,  we  describe  the  identification  of 
another  cDNA  clone  derived  from  chromosomal 
segment  3p21.1.  We  found  a  complete  loss  of 
expression  of  this  gene  by  reverse  transcription- 
polymerase  chain  reaction  (RT-PCR)  in  8/8  renal 
cell  carcinoma  (RCC)  cell  lines.  For  further  charac¬ 
terization  of  the  function  of  the  gene  and  its 
relationship  to  RCC  development,  we  cloned  the 
full-length  cDNA  for  this  gene  and  screened  for 
alterations  in  the  gene  in  human  cancers.  The  gene 
spans  about  10  kb  of  genomic  DNA,  with  a  final 
processed  transcript  of  3.5  kb  capable  of  encoding  a 
144-amino  acid  protein.  Because  the  gene  showed 
significant  loss  of  expression  in  RCC  cell  lines,  as 
well  as  in  primary  tumors,  we  have  termed  the  gene 
DRR  1  for  downregulated  in  renal  cell  carcinoma. 

MATERIALS  AND  METHODS 

Cloning  Strategy  to  Identify  Gene 

Five  expressed  sequence  tags  (ESTs)  on  the 
human  gene  map  (Schuler  et  al.,  1996)  derived  from 
3p21  and  flanking  regions  were  ordered  from  Ge¬ 
nome  Systems  and  completely  sequenced.  The 
clones  were  then  labeled  and  hybridized  to  a 
multiple  tissue  Northern  blot  (Clontech,  Palo  Alto, 
CA).  Hybridization  was  performed  according  to  the 
manufacturer’s  recommendations.  The  clones  with 
clear  signals  on  the  Northern  blot  were  analyzed  for 
expression  in  RCC  cell  lines.  We  then  used  the 
EST  clones  with  reduced  expression  in  these  cell 
lines  to  construct  EST  contigs  using  the  software 
Sequencher  3  (Gene  Codes,  Ann  Arbor,  MI).  Whole 
contigs  were  sequenced  twice.  The  integrity  of  the 
full-length  cDNAs  was  confirmed  by  PCR  analysis 
using  primers  flanking  each  junction  between  two 
EST  clones. 

Tumor  Cell  Lines  and  Primary  Renal 
Cell  Carcinomas 

A  total  of  17  tumor  cell  lines  were  analyzed, 
including  eight  RCC  cell  lines  (HTB-44,  HTB-45, 
HTB-46,  HTB-47,  HTB-49,  CRL-1611,  CRL- 
1932,  and  CRL-1933),  one  cervical  cancer  cell  line 
(C-33A),  one  gastric  cancer  (AGS),  one  non-small- 
cell  lung  cancer  (NSCLC,  CRL-8403),  and  seven 
ovarian  cancer  cell  lines  (OV167,  OV177,  OV202, 
OV207,  OV266,  OV675,  and  OVCAR-3).  The  ovar¬ 


ian  cancer  cell  lines  except  for  OVCAR-3  were 
established  at  the  Mayo  Clinic;  other  cell  lines  were 
purchased  from  the  American  Type  Culture  Collec¬ 
tion.  The  cell  lines  were  cultured  based  on  the 
provider’s  recommendation.  Thirty-four  pairs  of 
fresh  RCCs  and  their  normal  adjacent  kidney 
tissues  were  obtained  from  the  Mayo  Clinic.  All 
patients  had  conventional  clear  cell  renal  cell  carci¬ 
noma;  clinical  information  was  obtained  by  chart 
review.  The  mean  follow-up  was  2.6  years  (range, 
0. 1^1.4  years).  Tumor  and  matched  normal  samples 
were  immediately  frozen  in  liquid  nitrogen  and 
stored  at  -70°C. 

DNA  and  RNA  Extraction 

DNA  was  extracted  from  these  cell  lines  and 
tissues  by  standard  phenol-chloroform  extraction. 
Total  RNA  was  extracted  using  Trizol  reagent  (Life 
Technologies,  Gaithersburg,  MD).  Five  micro¬ 
grams  of  each  RNA  sample  was  subjected  to 
electrophoresis  in  1.2%  denaturing  agarose  gels  to 
make  certain  that  we  obtained  undegraded  RNA. 
Then  1  pg  of  the  total  RNA  was  treated  with  1  unit 
of  RNase-free  DNase  I  for  30  min  at  room  tempera¬ 
ture  to  eliminate  contaminating  DNA,  followed  by 
heating  for  10  min  at  65°C  to  inactivate  the  DNase 
I.  Reverse  transcription  was  performed  as  previ¬ 
ously  described  (Wang  et  al.,  1998). 

Polymerase  Chain  Reaction  and  RT-PCR 

Several  PCR  primers  were  designed  based  on  the 
full-length  cDNA.  The  primer  pairs  are  listed  be¬ 
low:  DRR  IF,  5 ' -TGG AATCC ACTCTTGCGTG-3 ' ; 
DRR  1R,  5'-CGCTGGTCAGTGTGGCAATTG-3'; 
DRR-2F,  S'-GCCATGTACTCGGAGATCCAG- 
3';  DRR-2R,  5'-AGCCTCGGAGATTGCTGG- 
TG-3';  DRR-2811R,  5 '-CTGTGGTTCATGAG- 
CAGC-3'. 

Primer  pair  2F/2R  is  expected  to  give  an  804-bp 
RT-PCR  product.  Primer  pair  1 F/281 1 R  generates  a 
590-bp  RT-PCR  product.  Primer  pairs  2F/1R  and 
2F/2811R  generate  amplified  products  from  ge¬ 
nomic  DNA  that  are  421  bp  and  171  bp,  respec¬ 
tively. 

PCR  and  RT-PCR  were  performed  in  a  12.5-pl 
reaction  volume  containing  10  pM  of  each  primer, 
1  X  PCR  buffer  (Qiagen,  Santa  Clarita,  CA)  with 
Q-solution,  1.5-mM  MgCb,  and  0.5  unit  of  Taq 
DNA  polymerase  (Qiagen).  After  3  min  of  initial 
denaturation  at  95°C,  amplification  was  performed 
for  30  cycles  (94°C  for  20  sec,  60°C  for  30  sec,  and 
72°C  for  30  sec).  To  quantitate  the  relative  expres¬ 
sion  level  of  the  gene  in  tumor  cell  lines,  we 
utilized  duplex  PCR  with  GAPDH  primers  as  an 
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internal  control.  The  GAPDH  primers  are:  GAPDH 
(forward),  5'-ACCACAGTCCATGCCATCAC-3\ 
and  GAPDH  (reverse),  5'-TCCACCACCCTGTT- 
GCTGTA-3'. 

We  mixed  the  primer  pairs  DRR-2F/2R  at  a 
10-pM  final  concentration  and  GAPDH  (F/R)  at  a 
0.20-pM  final  concentration.  The  PCR  conditions 
were  the  same  as  above  except  that  a  series  of 
diluted  RT  products  (1.1:10  and  1:100)  were  used 
for  accurate  quantitation. 

The  FHIT  gene  is  a  potential  tumor  suppressor 
gene  for  various  human  tumors  (Ohta  et  al.,  1996; 
Druck  et  al.,  1997).  The  gene  was  localized  at 
3pl4.2,  where  a  t(3;8)(pl4.2;q24.13)  breakpoint  was 
identified  in  a  hereditary  renal  cell  carcinoma 
family  (Cohen  et  al.,  1979).  To  determine  the  poss¬ 
ible  role  of  the  gene  in  RCC  development,  we 
amplified  the  FHIT  coding  sequences  from  the 
tumor  samples  for  sequence  analysis.  The  primer 
pairs  were:  FHIT-231, 5 ' -AAGGGAGAGAAAGAG- 
AAAGAAG-3^ncFHIT9545^-TCACTGGTTGAA- 
G  AATAC  AGGA-3 ' . 

Duplex  PCR  was  also  performed  to  quantitate 
the  relative  expression  of  this  gene  in  these  samples. 
PCR  conditions  for  this  were  described  previously 
(Wang  et  al.,  1998). 

Mutational  Analysis 

RT-PCR  or  PCR  products  were  denatured  at 
95°C  for  5  min  and  then  gradually  reannealed  to 
room  temperature  in  30  min.  Denaturing  high- 
performance  liquid  chromatography  (DHPLC)  was 
used  to  screen  possible  mutations  within  the  coding 
region  of  this  gene  (Liu  et  al.,  1998).  PCR  products 
with  potential  mutations  were  cut  from  agarose  gels 
and  purified  using  a  Gel  Extraction  Kit  (Qiagen). 
Purified  products  (100-200  ng)  were  mixed  with 
3.2-pmol  primer  and  then  submitted  for  sequenc¬ 
ing  to  the  Mayo  Clinic  Molecular  Core  Facility.  A 
BigDye  Terminator  Cycle  Sequencing  Kit  (PE 
Biosystems,  Foster  City,  CA)  was  used  for  the 
sequencing  analysis.  Sequencing  products  were 
separated  and  analyzed  on  an  ABI  377  sequencer 
(PE  Biosystems). 

In  Vitro  Protein  Translation 
and  Cellular  Localization 

For  protein  translation  in  vitro,  the  full-length 
DRR  1  cDNA  was  directionally  cloned  into  the 
expression  vector  pcDNA3.1(+)  (Invitrogen,  Carls¬ 
bad,  CA).  The  TNT-coupled  transcription/transla¬ 
tion  system  (Promega,  Madison,  WI)  was  used  for 
protein  translation.  For  cellular  localization,  the  full 
coding  region  of  this  gene  was  cloned  into  vector 


pcDNA3.1(+)/myc-His  (version  A;  Invitrogen).  The 
vector  is  expected  to  produce  a  fusion  protein 
containing  144  amino  acids  of  DRR  1,  10  amino 
acids  of  epitope  from  MYC,  and  a  polyhistidine. 
The  vectors  with/without  the  insert  were  used  to 
transfect  a  tumor  cell  line,  HTB-46.  Transfection 
was  performed  using  Lipofectamine  Plus  reagent 
(Life  Technologies)  according  to  the  manufactur¬ 
er’s  recommendation.  After  a  48-hr  transfection,  the 
cells  were  fixed  in  4%  formaldehyde  and  detected 
by  an  immunofluorescence  procedure. 

Transfection  Analysis  of  DRR  /-Negative  Cell  Lines 

Two  DRR  /-negative  cancer  cell  lines,  HTB-44 
and  HTB-46,  were  transfected  with  15  pg  of 
pcDNA3.1  (Invitrogen)  without  insert  or  pcDNA3.1 
with  DRR  1  insert  in  Opti-MEM  I  medium  (Life 
Technologies).  At  the  indicated  times,  cells  were 
trypsinized,  collected,  and  subjected  to  cell  count¬ 
ing.  For  each  group,  three  dishes  were  run  at  each 
time  point. 

Chromosomal  Localization  of  DRR  / 

YAC  clones  at  3pl4.3-p21.1  (Michaelis  et  al., 
1995)  were  grown,  and  the  DNA  was  isolated.  The 
primer  pair  DRR-2F/281 1 R  was  then  used  to  deter¬ 
mine  which  YAC  clones  would  produce  amplifica¬ 
tion  products  with  this  primer  pair.  One  positive 
YAC  clone,  777F8,  was  identified.  This  clone  was 
then  used  for  FISH  analysis  to  localize  the  gene  on 
chromosome  3.  Probe  labeling  and  hybridization 
conditions  were  described  previously  by  Huang  et 
al.  (1998).  Slides  were  analyzed  under  a  Zeiss 
fluorescence  microscope  with  a  CCD  camera. 

Southern  and  Northern  Blot  Analysis 

For  Southern  blots,  10  pg  of  genomic  DNA  was 
digested  with  50  units  of  restriction  enzyme  (£c^RI, 
Sad,  BamHl,  or  Hindlll)  at  37°C  overnight.  Di¬ 
gested  DNAs  were  resolved  on  1%  agarose  gels, 
transferred  to  Hybond-N+  filters  (Amersham),  and 
baked  at  80°C  for  2  hr.  The  full-length  cDNA  was 
labeled  with  [32P]-dCTP  using  random  priming  and 
hybridized  to  the  filter  at  68°C  overnight  in  hybrid¬ 
ization  solution  [7%  SDS,  1-mM  EDTA,  and 
250-mM  NaHP04  (pH  7.2)].  For  Northern  blot 
analysis,  10  pg  of  total  RNA  was  run  on  1.2  % 
denaturing  agarose  gels,  transferred  to  Hybond-N+ 
filters  (Amersham),  and  baked  at  80°C  for  2  hr. 
Hybridization  conditions  were  the  same  as  those 
used  for  the  Southern  blots. 
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Figure  I .  Expression  of  the  DRR  I  gene  in  different  tissues.  A  2. 1  -kb 
fragment  from  DRR  I  cDNA  or  452-bp  fragment  from  GAPDH  cDNA 
was  labeled  with  [32P]-dCTP  and  hybridized  to  a  multiple  tissue 
Northern  blot  (Clontech).  The  result  shows  that  the  DRR  I  gene  is 
expressed  in  all  tissues,  with  a  3.5-kb  transcript,  although  at  variable 
levels  in  different  tissues.  The  highest  detectable  expression  was  found  in 
brain.  Kidney  tissue  expresses  this  gene  at  a  moderate  level. 


RESULTS 

Cloning  the  Full-Length  cDNA  for  DRR  / 

Five  EST  clones  around  3p21.1  were  sequenced, 
including  R06759,  H67375,  D80522,  H90388, 
R19427  (GenBank  dbEST  accession  numbers). 
One  of  the  ESTs  (R19427)  showed  a  loss  of 
expression  in  the  RCC  cell  lines.  To  determine  the 
size  of  the  complete  mature  transcript,  we  hybrid¬ 
ized  the  2.1-Kb  EST  insert  to  a  multiple-tissue 
Northern  blot  (Clontech).  The  Northern  blot 
showed  that  the  transcript  was  about  3.5  Kb  (Fig. 

1) .  cDNA  computer-based  walking  using  Se- 
quencher  linked  two  UniGenes  (Hs.8022  and 
Hs.7915)  together,  which  generated  a  3.5-Kb  cDNA. 
The  complete  sequence  of  this  3.5-Kb  cDNA  was 
determined  by  sequencing  of  different  clones  and 
RT-PCR  products.  The  final  full-length  processed 
mRNA  from  this  gene  was  found  to  be  3,538  bp 
with  an  open  reading  frame  encoding  144  amino 
acids  (GenBank  accession  number  AF089853;  Fig. 

2) .  A  BLAST  search  did  not  find  any  proteins  with 
significant  homology  in  the  database.  However,  a 
motif  search  of  the  putative  144-amino  acid  protein 
showed  that  it  contained  a  nuclear  localization 
signal  as  well  as  a  coiled  region  (Fig.  2B). 

To  determine  the  size  of  the  DRR  1  gene  at  the 
genomic  level,  we  digested  genomic  DNA  with 
four  different  enzymes  and  separated  the  resulting 
fragments  on  a  1%  agarose  gel  for  Southern  blot 
analysis.  The  full-length  cDNA  was  labeled  with 
[32P]-dCTP  and  used  as  a  hybridization  probe.  The 
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GGTTTRRGfiflCCGCCCTCTRGRGGCflGCCCTCCTTGCTRGTCTGGGRCTTCCCGGTGGflG  -61 
TGRGGRRCCCRGCflRCflCGCTCCTGfiCTTCCCTTCCCflflGGflCTCCRCCTGflGRflCCGCC  -1 
HTGTflCTCGGfiGfiTCCRGRGGGfiGCGGGCRGflCfiTTGGGGGCCrGfiTGGCCCGGCCROflfi  60 
InVSEIORERRDIGGLtlflRPE 
TfiCRGflGRGTGGflRTCCGGflGCTCflTCflflGCCCRRGRRGCTGCTGflRCCCCGTGflRGGCC  120 
21VREUHPEL  I  KPKKLLHPUKfl 
TCTCGGRGTCflCCfiGGRGCTCCflCCGGGflGCTGCTCRTGflflCGflCRGRflGGGGCCTTGGT  180 
41SRSHIJELHFELL0HHRRGLG 
GTCGflCRGCRRGCCRGflGCTGCRGCCTGTCCTflGRGCflCCGCCGGCGGflRCCRGCTCfiTC  240 
6lUDSKPELlJRULEHflRRNQLI 
RflGRflGflflGfiRGGRGGRGCTGGRRGCCflflGCGGCTGCflGTGCCCCTTTGRGCflGGflGCTG  300 
81KKKKEEEER  KRIQCPFEQEL 
CTGRGflCGGCRflCfiGRGGCTGfiRCCflGCTGGRRRRflCCfiCCRGflGflflGGRflGflGGflTCfiC  360 
101  l  R  R  Q  Q  8  LHQIEKPPEKEEDH 
GCCCCCGRGTTTflTTflRRGTCRGGGRRflRCCTGCGGRGRRTTGCCflCRCTGRCCRGCGflfl  420 
121  RPEF  IKUREHLRfl  I  RTLTSE 
CflGRGRGRGCTGTRGDGCCRGCTGCCGGGCTCRGGCCflCTGCCCRCCCTGGCCTGGRCRG  480 
141  E  R  E  L  * 

CCTCCTTCRGCCCTTCTGTRCCTGGCRGCCCTGGGCCCCRGGCCCTDGGRCGTCTGTGRT  640 
GTTCCCRCCTGCTTCTGTflGflflfiTGTGTCRCCCCRGRGGDCCTGGCTCTCCCTGGGRGGC  600 
TGGGGCCCCTRflGCTCCTflCGTTTTCCTTCCflflGCRCCCRCCCCTCCT 


Figure  2.  cDNA  and  protein  sequence  of  DRR  I  gene.  A:  Schematic 
structure  of  DRR  I  gene,  including  open  reading  frame  (shaded  area), 
polyadenylation  signal  (AATAAA),  and  position  of  various  primers  used 
in  the  experiment.  B:  Partial  cDNA  and  predicted  protein  sequence  of 
the  DRR  I  gene  (GenBank  accession  number  AF089853  for  the 
full-length  sequence  of  this  cDNA).  The  gene  encodes  a  small  protein 
consisting  of  144  amino  acids.  The  protein  is  predicted  to  contain  a 
nuclear  localization  signal  (underlined)  and  a  coiled  domain  (shaded). 
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Figure  3.  Southern  blot  analysis  of  DRR  I  gene  in  YAC  777F8  and 
genomic  DNA  (placenta)  digested  with  BamHI,  Sacl,  EcoRI,  and  Hindlll. 
BamHI  and  Sacl  generated  a  single  fragment  that  hybridized  with  the 
full-length  cDNA.  EcoRI  and  Hindlll  cut  the  gene  into  two  and  three 
pieces,  respectively.  The  maximum  size  of  this  gene  at  the  genomic  level 
is  thus  less  than  1 0  Kb  (defined  by  Socl). 


Southern  blot  demonstrated  that  the  maximum  size 
of  this  gene  can  be  no  greater  than  the  10-Kb 
genomic  fragment  observed  with  Sacl  digestion 
(Fig.  3). 

The  full-length  DRR  1  cDNA  was  cloned  and 
transcribed/translated  in  a  cell-free  system.  The 
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Figure  4.  In  vitro  translation  of  the  DRR  /  mRNA.  Lane  I,  vector 
containing  the  full-length  DRR  /  cDNA  produced  a  protein  with  a 
molecular  weight  of  18  kDa;  lane  2,  vector  containing  the  DRR  /  coding 
region  and  an  MYC  epitope  produced  a  fusion  protein  with  a  molecular 
weight  of  20  kDa. 


Figure  5.  Cellular  localization  of  DRR  /  protein.  The  cells  were 
transfected  with  expression  vector  pcDNA3.l/myc-His,  which  ex¬ 
presses  a  fusion  protein  consisting  of  DRR  /  and  MYC  epitope,  and  then 
fixed  for  immunofluorescence  detection.  Propidium  iodide  was  used  for 
counterstaining.  Included  in  the  picture  are  four  cells,  three  of  which 
show  the  fusion  protein  (green)  in  nuclei. 


translated  protein  was  labeled  with  [35S]  methio¬ 
nine  and  separated  on  a  4%-20%  polyacrylamide 
gel.  The  result  showed  a  clear  band  around  18  kDa, 
which  is  consistent  for  a  protein  with  an  expected 
molecular  weight  of  144  amino  acids  (Fig.  4). 


Cellular  Localization  of  the  DRR  I  Protein 

After  a  48-hr  transfection,  a  fusion  protein  contain¬ 
ing  DRR  1  and  an  MYC  epitope  was  detected  using 
an  MYC  antibody  (Invitrogen)  and  a  fluorescein- 
labeled  anti-IgG  antibody  (Calbiochem,  San  Diego, 
CA).  We  randomly  counted  100  cells  and  found  58 
cells  expressing  the  fusion  protein  (green  color  in 
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Figure  6,  A:  Localization  of  the  DRR  /  gene  on  chromosomes  by  FISH 
analysis.  DNA  from  YAC  777F8  was  labeled  and  hybridized  to  a  normal 
metaphase  cell.  Arrows  show  the  hybridization  signals.  B:  Localization 
of  DRR  I  gene  relative  to  YAC  clones  from  the  3p  1 4.3-p2 1 . 1  region. 


nuclei  and/or  cytoplasms).  Of  the  58  transfected 
cells,  50  showed  a  strong  green  signal  in  nuclei  (Fig. 
5),  demonstrating  that  the  DRR  1  protein  is  a 
nuclear  protein. 
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Chromosomal  Localization  of  DRR  / 
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For  FISH  analysis,  YAC  777F8  was  labeled  with 
biotin-dUTP  and  hybridized  to  metaphase  cells.  As 
expected,  hybridization  signals  were  clearly  local¬ 
ized  at  3p21.1  among  32  chromosomes  3  in  16 
metaphases  analyzed  (Fig.  6A).  DRR  1  was  further 
localized  by  PCR  analysis  of  more  precisely  local¬ 
ized  YAC  clones  from  the  3p  14.3— p2 1 . 1  region. 
YAC  clones  that  tested  positive  for  several  DRR  1 
primers  were  777F8,  825A4,  947B1,  and  961F12. 
This  result  places  DRR  1  between  the  markers 
D3S3040  and  D3S1067  (Fig.  6B).  This  also  places 
DRR  1  proximal  to  the  translocation  breakpoint 
associated  with  hematologic  malignancies,  t(3; 
6)(p21.1;  pi  1)  (Smith  et  al.,  1993). 
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Expression  of  DRR  /  in  Normal  and  Tumor  Tissues 

Because  DRR  1  localized  to  a  chromosomal 
region  where  other  genes  have  been  identified  with 
altered  expression  in  cancers  (Erlandsson  et  ah, 
1990;  Cook  et  ah,  1993),  we  decided  to  analyze 
whether  this  gene  also  showed  altered  expression 
in  human  cancers.  A  multiple  tissue  Northern  blot 
showed  that  the  DRR  1  gene  was  expressed  in  all 
tissues  tested,  although  at  different  levels  (Fig.  1). 
The  highest  detectable  expression  was  found  in 
brain.  The  gene  was  expressed  in  normal  kidney  at 
a  moderate  level,  although  which  type  of  kidney 
cells  express  the  gene  is  unknown.  We  then  tested 
the  expression  level  of  DRR  1  in  17  tumor  cell  lines. 
RT-PCR  showed  loss  of  expression  of  this  gene  in 
eight  of  eight  RCC  cell  lines  (one  derived  from  a 
papillary  RCC,  and  three  derived  from  clear  cell 
RCC),  one  of  seven  ovarian  cell  lines,  one  of  one 
cervical  cell  line,  one  of  one  gastric  cell  line,  and 
one  of  one  NSCLC  cell  line.  To  confirm  this,  we 
performed  semiquantitative  RT-PCR  using  as  an 
internal  control  the  housekeeping  gene  GAPDH. 
This  analysis  demonstrated  decreased  expression 
of  DRR  1  in  many  of  the  cell  lines  (Fig.  7A).  This 
result  was  further  confirmed  using  Northern  blot 
analysis  (Fig.  7B).  To  elucidate  whether  the  loss  of 
expression  was  caused  by  deletion  of  genomic 
sequences  or  inactivation  of  the  gene,  we  used  the 
full-length  cDNA  as  a  probe  to  detect  possible 
structural  changes  of  the  gene  in  DNA  samples 
from  the  17  cell  lines  digested  with  EcoRl ,  Hin dill, 
and  BamHl,  respectively.  Southern  blot  analysis 
did  not  identify  any  gross  changes  within  the  gene 
in  any  of  the  cell  lines  tested  (data  not  shown). 

We  also  tested  the  expression  of  the  DRR  1  gene 
in  34  paired  primary  RCCs  by  semiquantitative 
RT-PCR;  23  of  the  34  RCC  samples  showed  de- 
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Figure  7.  Downregulation  of  DRR  /  gene  in  renal  cel!  carcinomas. 
Duplex  PCRs  were  performed  by  mixing  gene-specific  primers  2F/2R 
and  internal  control  primers  for  the  GAPDH  gene  (A  and  C).  The 
RT-PCR  products  were  resolved  on  1.5%  agarose  gel.  Loss  of  expres¬ 
sion  of  DRR  /  and  FHIT  was  observed  in  several  cell  lines  (A).  The  loss  of 
expression  of  the  DRR  /  gene  was  confirmed  by  Northern  blot  analysis 
(B).  Downregulation  of  the  DRR  f  gene  was  found  in  23  of  34  primary 
RCC  samples  (C). 


creased  expression  of  the  gene  (Fig.  7C).  When 
samples  were  diluted  1:10  and  1:100,  we  obtained 
the  same  results.  However,  the  expression  of  DRR  1 
in  the  primary  RCC  samples  was  higher  than  that 
observed  in  the  tumor-derived  cell  lines.  A  possible 
reason  for  this  is  normal  cell  contamination  in  the 
primary  tumors. 

We  also  analyzed  the  FHIT  gene  to  determine 
whether  it  showed  altered  expression  in  any  of  the 
cell  lines.  We  amplified  the  full  coding  sequence  of 
FHIT  and  determined  the  level  of  expression  by 
semiquantitative  PCR,  and  we  also  analyzed  the 
amplified  sequence  for  mutations  in  these  samples. 
We  did  not  identify  any  mutations  within  the 
coding  region.  The  results  also  showed  no  change 
of  expression  in  the  samples  tested  except  for  one 
cervical  tumor  cell  line,  one  gastric  cancer  cell  line, 
and  one  NSCLC  cell  line  (Fig.  7A).  The  first  two 
cell  lines  had  previously  been  reported  to  have 
partial  deletions  of  the  FHIT  gene  (Druck  et  al., 
1997). 

Mutational  Analysis  of  DRR  /  in  Tumor  Samples 

Primers  DRR  2F/2R  were  used  to  amplify  the 
full-length  coding  region  of  DRR  1  mRNA  in  17 
tumor  cell  lines,  34  primary  RCC  tumors  and  their 


LOSS  OF  EXPRESSION  OF  DRR  1  IN  CANCER 


7 


TABLE  I.  Expressional  and  Mutational  Analysis  of  DRR  /  Gene  in  Human  Tumors3 


Samples 

Tumor  origin 

Expression 

Base  substitution 

Polymorphism 

Amino  acid 

HTB-44 

RCC,  papillary 

Loss 

HTB-45 

RCC 

Loss 

CCA  to  CTA  at  codon  1 9 

Pro  to  Leu 

HTB-46 

RCC,  clear  cell 

Loss 

HTB-47 

RCC,  clear  cell 

Loss 

CCA  to  CTA  at  codon  1 9 

Pro  to  Leu 

HTB-49 

RCC,  clear  cell 

Loss 

CTG  to  ATG  at  codon  1 5 

Leu  to  Met 

CRL-I6II 

RCC 

Loss 

CCA  to  CTA  at  codon  1 9 

Pro  to  Leu 

CRL-1932 

RCC 

Loss 

TCC/GCC  at  codon  89 

Ser  to  Ala 

CRL-1933 

RCC 

Loss 

CAG/CAA  at  codon  104 

OVI67 

OC 

Normal 

CAG/CAA  at  codon  104 

OVI77 

OC 

Normal 

98bp  insert  at  nt455 

OV202 

OC 

Loss 

CCA  to  CTA  at  codon  1 9 

Pro  to  Leu 

OV207 

OC 

Normal 

OV266 

OC 

Normal 

OVCAR-3 

OC 

Normal 

OV675 

OC 

Normal 

CAG/CAA  at  codon  104 

C-33A 

CC 

Loss 

AGS 

GC 

Loss 

CRL-5803 

NSCLC 

Loss 

RCCl 

RCC 

Normal 

RCC2 

RCC 

Normal 

RCC3 

RCC 

Decrease 

RCC4 

RCC 

Decrease 

CAG/CAA  at  codon  104 

RCC5 

RCC 

Decrease 

RCC6 

RCC 

Decrease 

RCC7 

RCC 

Normal 

RCC8 

RCC 

Decrease 

TCC/GCC  at  codon  89 

Ser  to  Ala 

RCC9 

RCC 

Decrease 

RCCIO 

RCC 

Decrease 

RCCII 

RCC 

Decrease 

RCCl  2 

RCC 

Normal 

RCCl  3 

RCC 

Normal 

TCC/GCC  at  codon  89 

Ser  to  Ala 

RCCl  4 

RCC 

Decrease 

RCCl  5 

RCC 

Decrease 

CAG/CAA  at  codon  104 

RCCl  6 

RCC 

Decrease 

RCCl  7 

RCC 

Normal 

RCCl  8 

RCC 

Decrease 

RCCl  9 

RCC 

Normal 

RCC20 

RCC 

Decrease 

RCC2I 

RCC 

Normal 

RCC22 

RCC 

Normal 

RCC23 

RCC 

Decrease 

RCC24 

RCC 

Decrease 

RCC25 

RCC 

Normal 

CAG/CAA  at  codon  104 

RCC26 

RCC 

Decrease 

RCC27 

RCC 

Decrease 

CAG/CAA  at  codon  104 

RCC28 

RCC 

Decrease 

RCC29 

RCC 

Normal 

RCC30 

RCC 

Decrease 

RCC3I 

RCC 

Decrease 

CAG/CAA  at  codon  104 

RCC32 

RCC 

Decrease 

RCC33 

RCC 

Decrease 

RCC34 

RCC 

Decrease 

aRCC:  renal  cell  carcinoma;  OC:  ovarian  cancer;  NSCLC:  non-small-cell  lung  cancer;  CC:  cervical  cancer;  GC:  gastric  cancer. 


corresponding  normal  kidney  tissues,  and  28  nor¬ 
mal  cDNA  samples  derived  from  different  sources. 
The  RT-PCR  products  were  screened  for  mutations 
using  the  DHPLC  system  (Liu  et  ah,  1998).  RT- 
PCR  products  with  potential  mutations  as  deter¬ 


mined  by  DHPLC  were  directly  used  for  sequence 
analysis  (ABI 377  sequencer).  By  comparing  normal 
and  tumor  tissues,  we  identified  several  polymor¬ 
phic  sites  within  the  gene  (Table  1).  Due  to  the 
almost  complete  absence  of  expression  of  DRR  1  in 
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Transfection  Time  (hours) 

Figure  8.  Suppression  of  cel!  growth  by  reexpression  of  the  DRR  I 
gene.  The  DRR  I  gene  was  transfected  into  an  RCC  cell  line,  HTB-44.  At 
the  indicated  time  points,  the  cells  were  collected  and  counted.  The  cells 
transfected  with  the  DRR  I  gene  were  clearly  suppressed. 

12  of  17  tumor  cell  lines,  we  were  forced  to  use 
primers  2F/1R  to  amplify  genomic  DNA  from  those 
samples  for  sequence  analysis.  Of  the  12  tumor  cell 
lines  examined,  four  (HTB-45,  HTB-47,  CRL- 
1611,  and  OV202)  showed  a  base  substitution  at 
codon  19,  producing  an  amino  acid  change  from  Pro 
to  Leu,  and  one  (HTB-49)  had  a  heterozygous  base 
substitution  at  codon  15,  causing  an  amino  acid 
change  from  Leu  to  Met.  These  alterations  were 
not  observed  in  an  analysis  of  34  normal  kidney 
tissues  and  28  normal  individuals.  We  also  detected 
an  extra  band  by  using  primer  pairs  DRR  IF/281 1R 
for  RT-PGR  in  the  ovarian  cell  line  OV177.  Se¬ 
quence  analysis  demonstrated  that  98  bp  of  un¬ 
known  sequence  (GenBank  accession  number 
AF089854)  was  inserted  into  the  transcript  just  five 
nucleotides  before  the  start  codon  in  the  cell  line. 

Expression  of  DRR  I  Gene  and  Cancer  Cell  Growth 

We  compared  the  cell  growth  rate  after  the 
DRR  1  gene  was  transiently  transfected  into  cells. 
The  cell  growth  curves  of  cell  line  HTB-44  are 
shown  in  Figure  8.  Included  in  this  figure  are 
untransfected  cells  (control)  and  vector-transfected 
cells  (pcDNA3.1  only)  as  well  as  gene-transfected 
cells  (pcDNA3.1  +  DRR  /).  This  figure  indicates 
that  the  transfection  of  DRR  1  into  HTB-44  cells 
definitely  resulted  in  growth  suppression  of  these 


cells.  The  suppression  of  cell  growth  was  also 
observed  in  another  DRR  /-negative  cell  line, 
HTB-46  (data  not  shown).  Thus,  this  gene  appears 
to  have  definite  growth  suppression  activity  when 
transfected  into  cell  lines  lacking  expression  of  this 
gene. 

DISCUSSION 

Several  types  of  experimental  evidence  suggest 
that  there  are  multiple  tumor  suppressor  genes  that 
map  to  the  short  arm  of  chromosome  3.  Loss  of 
heterozygosity  (LOH)  studies,  as  well  as  functional 
analyses,  have  demonstrated  that  a  candidate  tumor 
suppressor  gene  is  located  at  3p21  (Killary  et  al., 
1992;  Daly  et  ah,  1993;  Satoh  et  ah,  1993).  The 
transfer  of  a  chromosome  3  could  suppress  ovarian 
tumor  cell  lines,  but  this  suppression  was  lost  if  one 
of  three  small  segments  of  3p  were  lost.  Two  of 
these  segments  were  located  in  3p23-p24.2,  and 
one  was  in  3p21.1-p21.2,  suggesting  that  these 
chromosomal  bands  are  important  for  suppression 
of  tumorigenicity  of  ovarian  carcinoma  cells  (Rime- 
ssi  et  ah,  1994).  However,  large  scale  sequencing 
and  positional  cloning  efforts  within  3p21  thus  far 
have  not  resulted  in  the  discovery  of  a  classical 
tumor  suppressor  gene  that  shows  frequent  muta¬ 
tions  and/or  deletions  in  human  cancers  (class  I 
tumor  suppressors)  (Zou  et  ah,  1994). 

The  aminoacylase  1  gene  at  3p2 1 . 1  was  reported 
to  show  low  or  undetectable  enzymatic  activity  in 
18  of  29  small  cell  lung  cancer  (SCLC)  cell  lines 
(Cook  et  ah,  1993).  RIK,  another  gene  at  3p21.1, 
had  low  or  undetectable  expression  in  11  of  15 
primary  RCCs  (Erlandsson  et  ah,  1990).  Similar  to 
the  other  two  genes  in  3p21.1,  DRR  1  in  this  study 
also  showed  low  or  undetectable  expression  in 
human  tumors.  It  is  very  interesting  that  these 
three  genes  share  a  common  feature,  inactivation  or 
downregulation  in  different  tumors.  These  genes 
with  low  expression  in  tumors,  combined  with  a 
decrease  in  tumorigenicity  when  expressed  in  cell 
lines,  have  been  characterized  as  class  II  tumor 
suppressors  (Zou  et  ah,  1993).  Our  results  indicate 
that  DRR  1  may  be  a  class  II  tumor  suppressor  for 
RCC  because  of  undetectable  expression  in  all  8 
RCC  cell  lines  and  low  expression  in  23  of  34 
primary  tumors,  and  the  absence  of  any  detectable 
mutations  in  DRR  1  in  any  of  these  samples. 
Although  no  classical  tumor  suppressor  gene  has 
been  identified  from  the  3p21  region,  a  number  of 
genes  have  already  been  identified  from  this  chro¬ 
mosomal  band  that  show  loss  of  expression  in 
different  tumor  types.  It  is  thus  attractive  to  specu¬ 
late  that  perhaps  the  regional  inactivation  of  mul- 
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tiple  genes  from  this  chromosomal  band  contrib¬ 
utes  to  tumor  formation  (Zou  et  ah,  1994).  Growth 
suppression  by  transfecting  DRR  1  into  cancer  cell 
lines  further  suggests  that  loss  of  expression  of  DRR 
1  correlates  with  growth  advantage  during  RCG 
development. 

The  strong  nuclear  localization  signal  within  the 
putative  protein  suggests  that  the  DRR  1  gene 
encodes  a  nuclear  protein.  We  have  demonstrated 
that  this  protein  is  indeed  present  in  the  nucleus. 
This  small  protein  may  interact  with  other  proteins 
or  DNA  to  regulate  gene  expression,  because  it 
contains  a  coiled  region  (Fig.  2).  Several  mecha¬ 
nisms  may  contribute  to  inactivation  of  a  gene  in 
human  tumors,  such  as  methylation  and  mutation. 
Cook  et  al.  (1998)  reported  that  point  mutations 
within  the  coding  region  of  the  ACYI  gene  could 
cause  inactivation  of  the  gene  in  an  SCLC  cell  line. 
Because  Southern  blots  did  not  identify  any  gross 
structural  change  in  the  12  tumor  cell  lines  with 
undetectable  expression  of  DRR  7,  the  loss  of 
expression  is  probably  caused  by  another  mecha¬ 
nism.  Our  result  shows  that  4  of  the  12  cell  lines 
have  a  base  substitution  at  codon  19  (Table  1).  As  a 
control,  DNA  samples  from  62  unrelated  normal 
individuals  did  not  show  the  same  nucleotide 
change,  indicating  that  this  nucleotide  substitution 
is  not  a  common  polymorphism,  and  thus  could 
possibly  be  responsible  for  inactivation  of  the  gene 
in  the  four  cell  lines.  The  substitution  may  provide 
a  selective  advantage  to  these  RCC  cell  lines. 
Whether  the  remaining  eight  cell  lines  with  unde¬ 
tectable  DRR  1  transcripts  have  any  other  mutation 
within  the  noncoding  region  is  unknown. 

A  98-bp  insert  was  identified  just  five  nucleo¬ 
tides  before  the  putative  start  codon  ATG  of  the 
gene  in  RNA  rather  than  DNA  from  the  ovarian 
cancer  cell  line  OV177.  Therefore,  it  could  be 
caused  by  a  splicing  error.  The  insert  has  no 
homology  to  any  known  DNA  sequence.  Because 
the  open  reading  frame  and  expression  of  the  gene 
seem  not  to  be  influenced  by  this  insertion,  and  the 
wild-type  form  of  this  gene  is  coexistent  in  the  cell 
line,  the  biological  significance  of  the  insertion  of 
this  unknown  DNA  fragment  into  the  DRR  1 
CDNA  remains  to  be  determined. 

DRR  1  was  localized  immediately  telomeric  to 
the  FHIT  gene,  which  is  a  frequent  target  of 
deletions  in  a  number  of  different  tumors  (Huebner 
et  al.,  1998).  This  gene  was  localized  to  several  YAC 
clones  that  overlap  a  YAC  that  contains  the  3'  end 
of  the  FHIT  gene.  The  FHIT  gene  spans  the 
3pl4.2  common  fragile  site  (FRA3B),  which  is  the 
most  active  common  fragile  site  in  the  human 


genome  (Smeets  et  al.,  1987).  In  contrast  to  other 
tumor  suppressor  genes,  however,  the  potential 
mechanism  of  FHIT  inactivation  appears  to  be  large 
chromosomal  deletions,  and  no  point  mutations 
have  been  detected  in  this  gene  to  date.  This  is  a 
chromosomal  region  that  shows  frequent  LOH  that 
extends  considerably  beyond  the  FHIT  gene;  thus, 
DRR  1  is  definitely  within  a  region  that  is  also  a 
frequent  target  of  deletions  in  a  number  of  different 
cancers.  However,  our  mutational  studies  have 
demonstrated  that  this  gene  is  not  a  mutational 
target.  Instead,  this  gene  could  be  inactivated  by 
other  mechanisms  such  as  methylation.  We  are 
presently  isolating  the  promoter  sequences  of  this 
gene  to  determine  whether  there  is  methylation  of 
this  gene  in  tumors  that  lack  expression  of  DRR  1 . 

In  summary,  we  have  cloned  and  characterized  a 
gene  called  DRR  1  at  3p21.1.  The  gene  was  found 
to  have  frequent  loss  of  expression  in  several  tumor 
cell  lines  and  low  expression  in  primary  RCC 
tumors.  The  putative  protein  contains  a  nuclear 
localization  signal  and  a  coiled  domain,  suggesting 
that  it  has  a  potential  role  in  the  regulation  of  gene 
transcription  and  signal  transduction.  Suppression 
of  cell  growth  by  reexpression  of  DRR  1  in  these 
cells  indicates  that  the  gene  has  a  potential  role  in 
the  development  of  several  cancers,  including  RCC. 
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Abstract.  Ovarian  cancer  is  one  of  the  leading  causes  of 
mortality  unique  to  women.  Deletions  within  chromosome 
6q  are  the  most  frequent  events  in  high-grade  invasive 
epithelial  ovarian  cancer  (IEOC).  While  previous  reports 
seem  to  indicate  that  there  is  loss  of  16q  sequences  in  IOEC, 
only  a  very  small  number  of  markers  (single  marker  in  two 
different  reports)  were  used.  In  order  to  more  precisely  define 
the  regions  of  deletions  on  16q,  we  first  analyzed  LOH  with 
13  polymorphic  markers  on  16q  in  10  benign,  3  low-grade 
and  21  high-grade  invasive  ovarian  cancer  samples.  There 
was  no  loss  with  any  of  the  markers  with  the  benign  ovarian 
samples  and  loss  of  one  marker  in  one  of  three  low-grade 
tumors.  In  contrast,  14  of  21  (67%)  high-grade  invasive  ovarian 
tumors  showed  loss  of  one  or  more  markers.  Detailed  deletion 
mapping  revealed  three  distinct  commonly  deleted  regions  on 
this  chromosomal  arm:  10/21  (48%)  of  high-grade  tumors 
showed  loss  at  16q23. 1-23.2  (D16S518,  D16S3049  and 
D16S3029).  The  second  region  of  loss  at  16q23.3-16q24.1 
(D16S3144,  D16S504,  HSD17B2  and  D16S507)  was  observed 
in  11/21  (52%)  of  the  tumors.  The  highest  frequency  of 
loss  was  seen  at  16q24.2-16q  24.3  (D16S422,  D16S402  and 
D16S520)  in  12/21  (57%)  of  tumors.  The  genomic  map  of 
CDH13  indicates  that  the  marker  D16S422  that  was  lost  in 
5  of  these  12  tumors  is  part  of  this  gene.  Three  of  these  5 
tumors  showed  very  low  levels  of  CDH13  expression.  Three 
tumors  with  LOH  of  other  markers  in  this  region  also  showed 
lower  levels  of  CDH13  expression.  Analysis  of  the  methylation 
status  of  CDH13  in  tumors  with  low  levels  of  expression 
with  methylation- specific  PCR  revealed  that  four  of  six 
(67%)  tumors  had  methylation  of  one  of  the  CDH13  alleles. 
These  results  suggest  that  a  combination  of  hyper-methylation 
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and  deletion  cause  the  inactivation  of  CDH13  in  ovarian 
tumors. 


Ovarian  cancer  is  a  frequent  cause  of  cancer  death  in  women. 
The  five-year  survival  rate  for  women  with  this  cancer  is  only 
about  15-20%  (1).  The  reason  for  this  poor  prognosis  is  due 
to  the  fact  that  70%  of  ovarian  cancers  are  not  diagnosed  until 
the  disease  is  advanced  in  stage.  It  is  therefore  imperative  to 
identify  genes  responsible  for  the  development  and  progression 
of  ovarian  cancer  that  may  have  diagnostic  and  therapeutic 
value  and  which  can  be  used  to  detect  this  cancer  at  earlier, 
more  potentially  treatable  stages. 

In  common  with  other  types  of  tumors,  inactivation  of 
tumor  suppressor  genes  and  activation  of  oncogenes  are 
most  likely  involved  in  the  multi-step  process  of  ovarian 
carcinogenesis.  Loss  of  heterozygosity  (LOH)  studies  have 
led  to  the  cloning  of  a  number  of  tumor  suppressor  genes 
involved  in  the  development  and  progression  of  several 
different  types  of  cancer  (2,3).  LOH  studies  in  ovarian  tumors 
have  delineated  chromosomal  regions  on  lp,  3p,  5q,  6q,  7q, 
8p,  9p,  13q,  and  17p  that  may  be  involved  in  the  development 
of  this  cancer  (4-6).  However,  no  ovarian  cancer  tumor 
suppressor  gene  has  thus  far  been  identified.  Of  the  tumor 
suppressor  genes  identified  thus  far,  only  TP53  has  been 
reported  to  have  frequent  mutations  in  ovarian  cancer  (7). 
While  mutations  in  BRCA1  are  more  frequently  observed 
in  familial  ovarian  cancer,  only  10%  of  sporadic  cases  of 
ovarian  cancer  have  mutations  in  this  gene  (8). 

Allele  loss  on  16q  has  been  reported  in  a  number  of 
different  cancers  including  breast  cancer  (9),  prostate  cancer 
(10),  and  hepatocellular  carcinoma  (11).  In  fact,  LOH  of 
16q  is  one  of  the  most  consistent  genetic  alterations  seen  in 
sporadic  prostate  cancer  (12).  However,  few  markers  have 
been  tested  on  16q  for  loss  in  ovarian  cancer.  Sato  et  al 
(1991)  has  shown  37%  (11/30)  loss  with  the  marker  D16S7 
by  RFLP  analysis  in  ovarian  tumors  (13).  In  a  similar  analysis, 
Cliby  et  al  (1993)  used  a  single  marker  on  16q22.1  and 
observed  a  similar  percentage  of  loss  (35%;  6/17)  (14).  With 
the  availability  of  closely  spaced  markers  throughout  the  entire 
genome,  it  is  now  possible  to  more  precisely  define  the  specific 
chromosomal  regions  of  allele  loss  in  any  type  of  tumor. 
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Table  I.  Result  of  microsatellite  analysis  of  the  24  epithelial  ovarian  samples  with  13  polymorphic  16q  markers. 


Marker 

Sample  Grade 

D16S512 

D16S395 

1 

2 

3 

D16S518 

D16S3049 

D16S3029 

DI6S3144  D16S504 

HSD17B2 

D16S507 

D16S422 

D16S402 

D16S520 

DI6S413 

1 

1 

□ 

ND 

□ 

□ 

a 

UI 

UI 

a 

□ 

■ 

a 

□ 

a 

2 

2 

□ 

UI 

UI 

a 

ND 

UI 

UI 

□ 

a 

□  ' 

a 

UI 

a 

3 

2 

□ 

□ 

□ 

□ 

□ 

UI 

a 

a 

□ 

a 

a 

a 

□ 

4 

3 

□ 

UI 

■ 

UI 

UI 

□ 

■ 

■ 

□ 

UI 

UI 

■ 

■ 

5 

3 

UI 

UI 

□ 

■ 

ND 

■ 

UI 

□ 

a 

■ 

■ 

a 

ND 

6 

3 

ND 

Q 

a 

ND 

□ 

UI 

UI 

a 

UI 

UI 

□ 

ND 

□ 

7 

3 

a 

a 

□ 

UI 

a 

UI 

□ 

□ 

a 

□ 

□ 

■ 

a 

8 

3 

□ 

a 

a 

a 

□ 

UI 

UI 

□ 

□ 

UI 

□ 

a 

a 

9 

3 

□ 

ND 

□ 

a 

a 

a 

UI 

UI 

a 

□ 

a 

a 

□ 

10 

3 

ND 

a 

■ 

UI 

■ 

■ 

UI 

■ 

ND 

a 

■ 

■ 

ND 

11 

3 

■ 

a 

a 

■ 

■ 

□ 

UI 

UI 

■ 

■ 

■ 

■ 

■ 

12 

3 

UI 

ND 

a 

UI 

UI 

a 

□ 

ND 

ND 

a 

ND 

■ 

□ 

13 

3 

a 

□ 

a 

□ 

a 

a 

□ 

UI 

□ 

UI 

□ 

UI 

a 

14 

3 

UI 

a 

□ 

■ 

□ 

□ 

UI 

□ 

■ 

■ 

■ 

■ 

■ 

15 

3 

□ 

UI 

a 

a 

□ 

a 

□ 

■ 

UI 

□ 

UI 

■ 

■ 

16 

3 

UI 

□ 

a 

UI 

UI 

a 

UI 

a 

UI 

UI 

UI 

■ 

□ 

17 

4 

UI 

a 

a 

□ 

ND 

□ 

UI 

□ 

ND 

UI 

UI 

□ 

UI 

18 

4 

UI 

□ 

a 

ND 

□ 

UI 

UI 

□ 

ND 

UI 

a 

□ 

ND 

19 

4 

■ 

ND 

■ 

□ 

■ 

□ 

UI 

■ 

■ 

■ 

■ 

■ 

■ 

20 

4 

■ 

ND 

UI 

a 

■ 

■ 

■ 

■ 

UI 

□ 

UI 

a 

a 

21 

4 

□ 

ND 

UI 

■ 

□ 

UI 

■ 

a 

UI 

■ 

a 

■ 

a 

22 

4 

a 

a 

a 

a 

UI 

UI 

UI 

□ 

UI 

□ 

UI 

UI 

UI 

23 

4 

□ 

■ 

■ 

□ 

a 

UI 

UI 

■ 

UI 

a 

UI 

a 

a 

24 

4 

■ 

ND 

■ 

UI 

UI 

■ 

■ 

■ 

■ 

□ 

■ 

■ 

* 

■,  LOH;  □,  retained;  1 

UI,  uninformative.  The  bars  with  numbers  represent  the  three  minimally  deleted  regions  defined  by  the  markers  in  specific  regions  of  chromosome  I6q. 

H-cadherin  (CDH13)  is  a  candidate  tumor  suppressor 
gene  belonging  to  the  family  of  cell  adhesion  molecules. 
Loss  of  expression  of  CDH13  has  been  shown  to  be  connected 
with  breast  cancer  progression  (3).  More  recently,  Sato  et  al 
demonstrated  the  inactivation  of  CDH13  in  lung  tumori- 
genesis  (15).  In  this  study  we  report  the  inactivation  of 
CDH13  by  a  combination  of  both  deletion  and  hyper- 
methylation  in  high-stage  ovarian  cancers. 

Materials  and  methods 

Materials.  Tumors  were  collected  from  patients  undergoing 
surgery  for  ovarian  cancer  at  the  Mayo  Clinic  (Rochester, 
MN).  Fresh  tumor  samples  were  snap  frozen  at  -70°C  until 


processed  for  DNA  extraction.  Tumor  specimens  were 
cryostat  sectioned  before  DNA  extraction.  The  sections  were 
reviewed  by  a  pathologist  (Dr  G.  Keeney)  to  assess  the  tumor 
content  in  each  section  and  for  determination  of  histo- 
pathological  subtype  and  grade.  Only  sections  containing 
>90%  tumor  cells  were  used  for  DNA  extraction.  For 
constitutional  DNA,  blood  samples  were  used  from  each 
patient. 

LOH  analysis.  The  markers  used  in  this  study  are  listed  in 
Table  II  along  with  their  chromosomal  locations.  The  PCR 
reaction  mix  contained  50  ng  of  genomic  DNA,  50  mM  KC1, 
10  mM  Tris-HCl  (pH  8.3),  1.5  mM  MgCl2,  200  pM 
concentration  of  each  primer,  0.05  pi  of  a-32P  CTP  (10  pci/pl), 
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Table  II.  Chromosomal  locations  of  the  markers  used.  Also 
included  are  the  cumulative  results  of  16q  LOH  in  the  24 
epithelial  ovarian  samples. 


Marker 

LOH  % 

16q 

cM  distance 

DI6S512 

19 

16q22.2 

78.62 

D16S395 

8 

16q23.1 

84.86 

DI6S518 

24 

1 6q23. 1 

85.43 

D16S3049 

25 

16q23.2 

87.83 

D16S3029 

25 

16q23.2 

87.83 

DI6S3144 

29 

16q23.3 

91.6 

D16S504 

44 

16q23.3 

92.6 

HSD17B2 

35 

16q24.1 

93.976 

D16S507 

31 

16q24.1 

94.48 

D16S422 

35 

16q24.2 

96.59 

DI6S402 

38 

16q24.2 

96.91 

D16S520 

55 

16q24.3 

97.645 

D16S413 

32 

16q24.3 

97.764 

and  0.5  units  of  Taq  polymerase  (Promega)  in  a  10  julI  reaction 
volume.  The  conditions  for  amplification  were  94°C  for 
two  min,  then  30  cycles  of  94°C  for  30  sec,  52-57°C  for  30  sec, 
and  72°C  for  30  sec  in  a  Perkin  Elmer-Cetus  9600  Gene- Amp 
PCR  system  in  a  96-well  plate.  The  PCR  products  were 
denatured  and  run  on  6%  polyacrylamide  sequencing  gels 
containing  8  M  urea.  The  gels  were  dried  and  autoradiographed 
for  16-24  h  and  scored  for  LOH.  Multiple  exposures  were 
used  before  scoring  for  LOH.  Allelic  imbalance  indicative 
of  LOH  were  scored  when  there  was  more  than  50%  loss 
of  intensity  of  one  allele  in  the  tumor  sample  with  respect 
to  the  matched  allele  from  normal  tissue.  The  evaluation  of 
the  intensity  of  the  signal  between  the  different  alleles  was 
determined  by  visual  examination  by  two  independent 
viewers  (M.  Kawakami  and  V.  Shridhar). 

Expression  of  CDH13  by  RT-PCR.  Five  tumors  with  LOH  at 
D16S422  locus  (#5,  11,  14,  19,  and  21)  and  three  other  tumors 
with  no  LOH  at  this  locus  (#7,  10,  and  24)  were  selected 
for  analysis  of  the  expression  of  CDH13  by  RT-PCR.  RNA 
was  extracted  from  the  primary  tumors  with  Trizol  (Gibco 
BRL)  following  the  manufacturer’s  instructions.  The  integrity 
of  the  RNA  in  these  samples  was  confirmed  by  denaturing 
agarose  gel  electrophoresis.  One  pg  of  total  RNA  was  used 
in  a  reverse  transcription  reaction  after  DNase  treatment. 
The  conditions  for  the  reverse  transcription  reactions  were  as 
previously  described  (16).  Then  1  pi  of  the  synthesized  cDNA 
was  added  to  24  pi  of  reaction  solution,  and  RT-PCR  was 
performed  as  described  by  Sato  et  al  (15).  The  conditions  for 
amplification  were  94 °C  for  2  min  for  the  initial  denaturation 
followed  by  30  cycles  of  94°C  for  30  sec,  55°C  for  30  sec, 
and  72“C  for  30  sec  with  a  final  elongation  of  5  min  at  72°C. 


HCAD-sense  primer  (5-TTCAGCAGAAAGTGTTCCATA 
T-3’)  and  the  HCAD  anti-sense  primer  (5'-GTGCATGGAC 
GAACAGAGT-3’)  are  within  exons  2  and  3  of  the  CDH13 
gene  respectively.  As  a  control,  GAPDH  was  amplified  from 
1  pi  of  the  synthesized  cDNA  at  the  same  time  in  separate 
reactions  under  the  same  conditions.  Equal  volumes  of  the 
GAPDH  and  CDH13  reactions  from  each  sample  were  pooled 
before  resolving  the  products  on  a  2%  agarose  gel. 

Methylation- specific  PCR  (MS-PCR).  The  methylation  state 
of  CDH13  was  determined  using  the  recently  described 
technique  of  MS-PCR  (17).  DNA  was  modified  with  sodium 
bisulfite  as  described  by  Herman  et  al ,  with  the  following 
modifications:  1-1.5  pg  of  DNA  was  digested  with  EcoRI  in 
a  50  pi  reaction  overnight.  The  digested  DNA  was  extracted 
once  with  phenol-chloroform-isoamyl  alcohol  (25:24:1) 
and  precipitated  with  1/10  volume  of  5.0  M  ammonium 
acetate  and  100%  ethanol  in  the  presence  of  1  pi  of  20  mg/ml 
glycogen  (Boehringer-Mannheim).  The  DNA  pellet  was 
washed  twice  with  70%  ethanol  and  the  DNA  was  taken  up 
in  90  pi  of  TE.  Ten  pi  of  freshly  prepared  3.0  M  NaOH  was 
added  to  each  sample  and  the  DNA  was  denatured  at  42°C 
for  30  min.  After  the  addition  of  10  pi  of  distilled  water, 
1020  pi  of  3.0  M  sodium  bisulfite  (pH  5.0)  and  60  pi  of  10  mM 
hydroquinone,  the  samples  were  incubated  in  the  dark  at 
55 °C  overnight  (16-20  h).  Modified  DNA  was  purified  using 
the  Wizard  purification  system  (Promega,  Cat#  A7548) 
according  to  the  manufacturer's  instructions,  followed  by  a 
final  denaturation  step  with  0.3  M  NaOH  for  15  min  at  37°C. 
The  DNA  was  eluted  in  50-100  pi  of  TE  and  stored  at  -20°C 
in  the  dark. 

The  primers  for  amplifying  methylated  sequences  for 
CDH13  were  from  Sato  et  al  (15)  and  were:  H-cad-MF:  5-T 
CGCGGGGTTCGTTTTTCGC-3';  H-cad-MR:  5-GACTTTT 
CATTCATACACGCG-3'. 

PCR  was  performed  by  ‘hot-start’  method  using  Taq-Gold 
from  Perkin-Elmer  with  an  initial  denaturation  of  10  min  at 
95  °C  to  activate  the  enzyme,  followed  by  35  cycles  at  95  °C 
for  30  sec,  60°C  for  30  sec,  and  72°C  for  30  sec,  with  a  final 
extension  cycle  at  72 °C  for  10  min  with  primers  amplifying 
methylated  sequences.  Controls  with  unmodified  DNA  were 
performed  for  each  set  of  reactions. 

Results  and  Discussion 

We  examined  loss  of  heterozygosity  (LOH)  using  13  poly¬ 
morphic  microsatellite  markers  on  the  long  arm  of  chromo¬ 
some  16  in  10  benign,  3  low-grade  (1  and  2),  and  21  high- 
grade  (3  and  4)  ovarian  tumors  (Table  I).  With  the  exception 
of  tumor  #22  (stage  IIB),  the  other  23  tumors  were  late-stage 
(IIIC  to  IV)  tumors.  The  map  positions  and  the  genetic 
distance  between  the  markers  are  based  on  the  LDB  database 
(Genetic  Location  Database  at  the  University  of  Southampton, 
UK)  (Table  II).  None  of  the  10  benign  tumors  showed  any 
loss  of  alleles  with  the  tested  markers  (data  not  shown).  The 
single  grade  1  tumor  had  a  loss  with  one  of  the  markers 
(D16S422,  which  maps  to  16q24.2).  Grade  2  tumors  showed 
no  loss  with  any  of  the  tested  mark  "rs. 

Of  the  21  high-grade  tumors,  13  were  grade  3  tumors  and 
8  were  grade  4;  14  of  21  (67%)  high-grade  tumors  had  loss 
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Figure  1.  Representative  examples  of  LOH  in  epithelial  ovarian  tumors. 
Autoradiographs  of  LOH  results  of  selected  tumor  samples  in  three  distinct 
regions  of  16q.  For  each  panel,  the  tumor  #  is  shown  below  and  the 
individual  markers  are  on  the  side.  A,  Marker  D16S518  shows  loss  of  allele 
in  tumors  4,  10,  and  23.  B,  Marker  D16S504  shows  loss  of  allele  in  tumors 
20,  21  and  24.  Marker  D16S520  shows  loss  of  allele  in  tumors  11,  15, 
and  19.  N,  normal  DNA;  T,  tumor  DNA.  Arrows  indicate  loss  of  allele  in 
the  tumor  sample. 


of  one  or  more  marker  on  16q.  We  did  not  find  loss  of  the 
whole  chromosomal  arm  in  any  of  the  tumors  analyzed.  The 
14  high-grade  tumors  that  showed  LOH  were  found  to  have 
one  or  more  interstitial  deletions  as  evidenced  by  allelic  loss 
at  some  loci  and  retention  of  flanking  loci  (Table  I).  The 
LOH  analysis  defined  three  regions  of  loss  on  16q.  Tumors 
10,  11,  19,  and  23  showed  loss  of  a  common  region  in 
16q23. 1-23.2  between  markers  D16S395  and  D16S3029.  The 
estimated  recombination  distance  between  these  markers  is 
about  3  cM.  Tumors  4,  5,  14,  21,  and  24  also  showed  allele 
loss  of  at  least  one  of  the  markers  mapped  to  this  region. 
Taken  together  this  accounts  for  43%  (9/21)  of  the  tumors 
showing  loss  in  this  region.  Tumors  4,  10,  19,  20,  and  24 
define  a  second  minimally  deleted  region  in  16q  23.3-24.1 
defined  by  markers  D16S3144,  D16S504,  HSD17B2  and 
D16S507  (Fig.  1).  Tumors  5,  11,  14,  15,  21,  and  23  showed 
loss  of  at  least  one  of  the  markers  in  this  region.  Marker 
D16S504  showed  44%  loss  while  the  flanking  marker 
HSD17B2,  which  is  1.7  cM  telomeric  to  D16S504,  showed 
the  second  highest  frequency  of  loss  (35%)  in  this  region 
(Fig.  2).  The  gene  product  of  HSD17B2  converts  17- 
hydroxysteroids  into  17-keto  forms.  This  inactivates  male  and 
female  sex  steroids  in  both  peripheral  and  target  tissues  (18). 
Recently  Elo  et  al  showed  the  highest  frequency  of  LOH 
with  HSD17B2  (63%)  in  prostate  tumors  (19). 


The  third  region  of  deletion  is  seen  with  the  markers 
D16S422,  D16S402,  D16S520,  and  D16S413  that  are  derived 
from  16q24.2-24.3.  Tumors  5,  10,  11,  14,  19,  21,  and  24 
showed  loss  of  alleles  of  D16S422  and  D16S402,  while  tumors 
4,  7,  12,  15,  and  16  had  lost  either  one  of  the  distal  markers 
D16S520  and  D16S413  or  both.  The  distance  between  markers 
D16S402  and  D16S422  is  only  320  kb.  Tumors  4  and  15  had 
lost  only  the  distal  markers  D16S520  and  D16S413  that  were 
separated  by  a  distance  of  less  than  150  kb.  The  single  grade  1 
tumor  also  showed  loss  of  D16S422.  We  found  that  57% 
(12/21)  of  the  high-grade  tumors  showed  loss  in  this  region. 
The  genetic  mapping  information  (LDB  database)  suggests 
that  the  genetic  distance  between  D16S422  and  D16S413  is 
1.1  cM.  Since  we  did  not  test  markers  distal  to  D16S413,  we 
do  not  know  whether  tumors  with  LOH  of  this  marker  have 
terminal  deletions. 

Candidate  tumor  suppressor  genes  mapped  to  this  third 
region  of  allele  loss  include  HSD17B2  and  H-cadherin 
(CDH13).  The  genomic  map  of  H-cadherin  (CDH13) 
indicates  that  the  marker  D16S422  is  part  of  this  gene  (15). 
H-cadherin  belongs  to  a  super-family  of  cell-adhesion 
molecules.  Sato  et  al  showed  loss  of  expression  of  this  gene 
in  57%  of  lung  cancer  cell  lines  and  Lee  et  al  showed  reduced 
levels  of  expression  of  CDH13  in  breast  cancer  (15,20).  We 
examined  the  expression  of  CDH13  by  RT-PCR  as  described 
by  Mori  et  al  (21).  The  primers  used  for  this  analysis 
amplified  a  product  that  includes  exons  2  and  3  in  the  region 
of  marker  D16S422  (15).  The  conditions  for  amplification  of 
CDH13  and  GAPDH  are  as  described  in  the  Materials  and 
methods  section.  Our  attempts  to  co-amplify  CDH13  and 
GAPDH  gave  inconsistent  results  with  regard  to  both 
products.  This  kind  of  analysis  clearly  indicated  that  while 
the  expression  of  GAPDH  was  consistent  in  all  the  samples 
analyzed,  the  expression  of  CDH13  was  variable  (Fig.  3 A). 
Tumors  7,  10,  14,  and  19  clearly  had  very  low  levels  of 
expression  of  CDH13  compared  to  GAPDH.  In  addition 
tumors  21  and  24  showed  decreased  levels  of  expression  in 
comparison  to  tumors  5,  and  11.  The  samples  with  LOH  of 
D16S422  and  lower  levels  of  expression  of  CDH13  are  14, 19 
and  21.  Samples  5  and  11  expressed  CDH13  and  had  LOH  of 
the  D16S422  locus.  The  results  from  the  study  of  Sato  et  al 
suggests  that  a  combination  of  deletion  and  hyper- 
methylation  leads  to  the  inactivation  of  CDH13  gene  in  the 
lung  cancer  tumors  analyzed  (15).  In  our  samples,  we  did  not 
observe  a  complete  loss  of  expression  of  CDH13.  However, 
we  could  not  rule  out  the  possibility  of  methylation  of  one  of 
the  alleles  in  samples  that  showed  lower  levels  of  CDH13 
expression  with  no  concomitant  loss  of  the  D16S422  locus. 

In  order  to  test  this,  we  performed  methylation-specific 
PCR  (MS-PCR)  on  two  sets  of  tumor  samples,  one  tumor 
group  that  showed  LOH  with  the  marker  D16S422  and  the 
other  group  that  had  no  loss  with  this  marker  but  did  have 
allele  loss  in  a  more  proximal  region.  All  the  tumors  analyzed 
showed  lower  levels  of  expression  of  CDHI3.  The  first  set  of 
tumors  with  LOH  of  D16S422  and  lower  levels  of  CDH13 
expression  were  tumors  14,  19,  and  21.  Two  of  the  three 
tumors  (tumors  14  and  19)  amplified  a  specific  product 
with  H-cadherin  methyl-specific  primers.  The  presence  of 
contaminating  normal  cells  could  probably  explain  why  these 
three  tumors  did  not  show  a  complete  loss  of  expression  of 
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Figure  2.  Graphic  representation  of  the  frequency  of  LOH  with  specific  16q  markers.  X-axis,  markers  used;  Y-axis,  percentage  of  tumors  showing  LOH.  The 
bars  with  numbers  above  each  peak  of  loss  represent  the  three  different  regions  of  loss. 
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Figure  3.  The  results  of  RT-PCR  (A)  and  MSP-PCR  (B  and  C)  in  selected 
tumors.  A,  GAPDH,  Glyceraldehyde-3  phosphate;  CDH13,  Cadherin  13. 
Note  lower  levels  of  expression  of  CDH13  in  tumors  7,  10, 14, 19,  and  24  in 
comparison  to  GAPDH  in  respective  tumors.  B  and  C,  Methylation- specific 
PCR  (MSP)  analysis  of  H-cadherin.  Amplification  of  bisulfite  modified 
DNA  from  B  (high  grade  tumors)  and  C  (benign  tumors).  U,  unmodified 
DNA  control;  M,  100  bp  ladder.  The  tumor  numbers  are  indicated  on  top  of 
the  panel. 


CDH13.  Two  other  tumors  (tumor  10  and  24)  with  lower 
levels  of  expression  but  no  LOH  at-D16S422  also  amplified  a 
methylation-specific  product.  This  seems  to  indicate  that 
the  lower  level  of  expression  of  CDH13  seen  in  these  tumors 
is  probably  due  to  methylation  of  one  of  the  HCAD  alleles. 
Thus  overall  four  of  six  tumors  (67%)  with  lower  levels  of 
CDH13  expression  also  had  methylation  of  one  of  the 
CDH13  alleles. 

In  order  to  evaluate  the  methylation  status  of  CDH13  in 
benign  tumors  that  had  no  loss  with  any  of  the  markers 
tested,  we  performed  MSP-PCR  with  H-cadherin  primers 
in  nine  benign  tumors.  Only  one  of  nine  benign  tumors 
amplified  with  H-cadherin  primers  (Fig.  3C).  Although  only 
three  low-grade  tumors  were  analyzed,  the  observation  that 
none  of  the  benign  tumors  or  any  of  the  three  low-grade 
tumors  showed  loss  on  16q  probably  indicates  that  LOH 
on  16q  may  be  a  late  event  (which  may  be  associated  with 
metastasis)  as  seen  in  prostate  cancer.  Interestingly,  the  same 
three  low-grade  tumors  showed  a  very  high  frequency  of 
LOH  on  6q  (22).  Also,  eight  of  nine  benign  tumors  did  not 
reveal  any  methylation-specific  product  with  MSP-PCR  with 
H-cadherin.  Thus,  methylation  of  H-cadherin  is  also  probably 
a  later  event  in  the  development  of  ovarian  cancer. 

In  conclusion,  our  data  shows  the  existence  of  three 
independent  regions  of  deletion  in  ovarian  cancer  with  the 
most  frequently  deleted  region  of  loss  at  16q24.2-24.3.  LOH 
detected  here  was  observed  only  in  high-grade  tumors.  While 
our  data  do  not  conclusively  prove  the  involvement  of 
CDH13  as  a  tumor  suppressor  in  ovarian  carcinogenesis, 
the  methylation  analysis  coupled  with  the  LOH  data  with 
the  D16S422  marker  indicates  that  H-cadherin  may  be  a  gene 
involved  in  the  progression  of  ovarian  cancer.  In  addition 
to  observing  frequent  deletions  in  this  region,  we  have  also 
found  two  distinct  regions  on  16q  that  also  have  frequent 
deletions  in  high-grade  ovarian  tumors.  Thus,  there  is  the 
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possibility  that  multiple  tumor  suppressor  genes  exist  that 
map  to  this  chromosomal  arm. 
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ABSTRACT 

Butyrate  and  its  structural  analogues  have  recently  entered  clinical 
trials  as  a  potential  drug  for  differentiation  therapy  of  advanced  prostate 
cancer.  To  better  understand  the  molecular  mechanism(s)  involved  in 
prostate  cancer  differentiation,  we  used  mRNA  differential  display  to 
identify  the  gene(s)  induced  by  butyrate.  We  found  that  the  androgen- 
independent  prostate  cancer  cell  line  PC-3  undergoes  terminal  differen¬ 
tiation  and  apoptosis  after  treatment  with  sodium  butyrate  (NaBu).  A 
novel  cDNA  designated  carboxypeptidase  A3  (CPA3),  which  was  up- 
regulated  in  NaBu-treated  PC-3  cells,  was  identified  and  characterized. 
This  gene  expresses  a  2795-bp  mRNA  encoding  a  protein  with  an  open 
reading  frame  of  421  amino  acids.  CPA3  has  37-63%  amino  acid  identity 
with  zinc  CPs  from  different  mammalian  species.  It  also  shares  27-43% 
amino  acid  similarity  with  zinc  CPs  from  several  nonmammalian  species, 
including  Escherichia  coli ,  yeast,  Caenorhabditis  elegans ,  and  Drosophila. 
The  structural  similarity  between  CP  A3  and  its  closest  homologues  indi¬ 
cates  that  the  putative  CPA3  protein  contains  a  16-residue  signal  peptide 
sequence,  a  95-residue  NH2- terminal  activation  segment,  and  a  310-resi¬ 
due  CP  enzyme  domain.  The  consistent  induction  of  CP  A3  by  NaBu  in 
several  prostate  cancer  cell  lines  led  us  to  investigate  the  signaling  path¬ 
way  involved  in  the  induction  of  CPA3  mRNA.  Trichostatin  A,  a  potent 
and  specific  inhibitor  of  histone  deacetylase,  also  induced  CPA3  mRNA 
expression,  suggesting  that  CPA3  gene  induction  is  mediated  by  histone 
hyperacetylation.  We  demonstrated  that  CPA3  induction  was  a  down¬ 
stream  effect  of  the  treatment  with  butyrate  or  trichostatin  A,  but  that  the 
induction  of  p21WAF17CIP1  occurred  immediately  after  these  treatments. 
We  also  demonstrated  that  the  induction  of  CP  A3  mRNA  by  NaBu  was 
inhibited  by  p2lWAF1/CIP1  antisense  mRNA  expression,  indicating  that  p21 
transactivation  is  required  for  the  induction  of  CPA3  by  NaBu.  Our  data 
demonstrate  that  the  histone  hyperacetylation  signaling  pathway  is  acti¬ 
vated  during  NaBu-mediated  differentiation  of  PC-3  cells,  and  the  new 
gene,  CPA3,  is  involved  in  this  pathway. 

INTRODUCTION 

Prostate  cancer  is  the  most  commonly  diagnosed  cancer  and  the 
second  leading  cause  of  cancer-related  deaths  in  men  in  the  United 
States.  Within  the  prostate,  androgens  are  capable  of  stimulating 
proliferation,  as  well  as  inhibiting  the  rate  of  epithelial  cell  death. 
Androgen  withdrawal  triggers  the  programmed  cell  death  pathway  in 
both  normal  prostate  epithelium  and  androgen-dependent  prostate 
cancer  cells.  Currently,  the  ablation  of  testosterone  remains  the  most 
effective  systemic  therapy  of  advanced  carcinoma  of  the  prostate  and 
is  believed  to  induce  apoptosis  in  these  tumors  (1).  However,  tumor 
cells  that  were  formerly  sensitive  to  androgen  ablation  therapy  almost 
always  emerge  as  androgen-independent  tumors  after  1-3  years  of 
treatment  (2).  The  development  of  resistance  to  androgen  ablation 
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therapy  acquired  by  prostate  tumor  cells  remains  a  severe  obstacle  to 
the  effective  treatment  of  metastatic  prostate  cancer  (3,  4).  Androgen- 
independent  prostate  cancer  cells  do  not  initiate  the  programmed  cell 
death  pathway  on  androgen  ablation;  however,  they  do  retain  the 
cellular  machinery  necessary  to  activate  the  differentiation  and  pro¬ 
grammed  cell  death  cascade  when  these  cellular  processes  are  suffi¬ 
ciently  initiated  by  injury  to  the  cell  induced  by  various  exogenous 
damaging  agents  ( e.g radiation,  chemicals,  viruses)  or  by  changes  in 
the  levels  of  a  series  of  endogenous  signals  (e.g.,  hormones  or  growth/ 
survival  factors).  Therefore,  differentiation  therapy  or  apoptosis  ther¬ 
apy  has  been  proposed  as  a  method  for  the  treatment  of  advanced 
prostate  cancer  (5-7). 

Butyrate,  a  four-carbon  short-chain  fatty  acid,  is  naturally  produced 
by  bacterial  fiber  fermentation  within  the  colon  and  is  found  in  the 
plasma  of  mammals  (8).  The  biological  significance  of  this  compound 
is  its  ability  to  regulate  cell  growth  and  differentiation.  Several  studies 
have  established  that  this  agent  has  the  ability  to  induce  in  vitro 
differentiation  of  prostate  cancer,  breast  cancer,  pancreatic  cancer,  and 
hematopoietic  cells  (9-12).  The  concentrations  of  butyrate  that  cause 
growth  inhibition  in  vitro  are  similar  to  those  measured  within  the 
mammalian  colon  (13),  and  it  has  been  found  to  inhibit  the  growth  of 
colon  carcinoma  cells  in  vivo  (14).  Although  the  molecular  mecha¬ 
nisms  by  which  butyrate  mediates  its  effects  are  not  well  understood, 
it  is  known  to  induce  a  variety  of  changes  within  the  nucleus,  includ¬ 
ing  histone  hyperacetylation  and  the  changes  are  secondary  to  hyper- 
or  hypo-methylation  of  DNA  (15,  16).  Histone  acetylation  has  been 
shown  to  have  a  permissive  effect  on  mRNA  transcription  (17), 
possibly  by  relaxing  specific  segments  of  tightly  coiled  DNA  and 
thereby  facilitating  the  binding  of  transcription  factors  to  selectively 
activate  expression  of  genes  (18,  19).  Numerous  epidemiological  and 
experimental  studies  have  found  an  association  between  a  high-fiber 
diet  and  a  decreased  incidence  and  growth  of  colon  cancer  (20).  The 
molecular  link  between  a  high-fiber  diet  and  the  arrest  of  colon 
carcinogenesis  has  been  investigated,  and  it  has  been  established  that 
butyrate  mediates  growth  inhibition  of  colon  cancer  cells  by  inducing 
p21  wafi/cipi  expression  through  histone  hyperacetylation  (21).  Re¬ 
cently,  the  product  of  certain  oncogenes  was  shown  to  suppress 
transcription  of  their  target  genes  by  recruiting  histone  deacetylase 
(22-24),  which  cleaves  acetyl  groups  from  histones  and  blocks 
their  ability  to  induce  DNA  conformational  changes.  This  tran¬ 
scriptional  block  can  be  overcome  by  agents  that  inhibited  histone 
deacetylase,  and,  clinically,  transcription  targeting  therapy  for 
leukemia  has  been  achieved  by  using  butyrate  to  inhibit  histone 
deacetylases  to  relieve  the  transcriptional  repression  caused  by 
certain  oncogenes  (25). 

Butyrate  and  its  structural  analogues  recently  entered  clinical  trials 
for  prostate  cancer  at  the  National  Cancer  Institute  (26).  In  the  present 
study,  we  sought  to  investigate  the  molecular  mechanisms  by  which 
butyrate  mediates  growth  arrest  and  differentiation  of  androgen-inde¬ 
pendent  prostate  cancer  cells  and  to  identify  potential  markers  for  the 
diagnosis  and  treatment  of  androgen-independent  prostate  cancer.  We 
first  treated  the  androgen-independent  prostate  cancer  cell  line  PC-3 


2981 


CPA3  INDUCED  IN  PROSTATE  CANCER  CELL  DIFFERENTIATION 


with  NaBu3  and  confirmed  that  they  underwent  typical  differentiation 
and  apoptosis.  We  then  used  the  DD-PCR  technique  to  identify  a  new 
gene,  designated  CPA3 ,  which  was  up-regulated  in  PC-3  cells  induced 
by  NaBu.  A  homology  search  indicated  that  CPA3  belongs  to  the  CP 
family  that  includes  prostate-specific  membrane  antigen.  We  also 
demonstrate  that  the  induction  of  CPA3  is  due  to  the  histone  hyper¬ 
acetylation  pathway. 


MATERIALS  AND  METHODS 

Cell  Culture  and  Treatment.  The  prostate  cancer  cell  lines  PC-3,  DU  145, 
and  LNCaP  and  the  pancreatic  cancer  cell  lines  AsPC-1,  BXPC-3,  Capan-1, 
HS.766,  PANC-1,  and  SU.86  were  purchased  from  the  American  Type  Culture 
Collection  (Manassas,  VA).  Dr.  Donald  J.  Tindall  (Department  of  Urologic 
Research,  Mayo  Foundation,  Rochester,  MN)  kindly  provided  the  BPH1 
benign  prostatic  hyperplasia  cell  line.  All  cells  were  maintained  at  37°C  as 
monolayers  in  a  humidified  atmosphere  containing  5%  C02.  Cells  were 
passaged  at  confluence  by  trypsinization.  Tissue  culture  medium  for  each  cell 
line  was  as  follows.  PC-3,  DU  145  and  LNCaP  were  grown  in  RPMI 1640  (Life 
Technologies,  Inc.,  Grand  Island,  NY)  containing  10%  fetal  bovine  serum,  100 
units/ml  penicillin,  and  100  /x g/ml  streptomycin;  BPH1  was  cultured  in  RPMI 
1640  containing  5%  fetal  bovine  serum,  100  units/ml  penicillin,  and  100  /xg/ml 
streptomycin.  Chemical  treatments  were  performed  on  cells  that  were  60-80% 
confluent.  Cells  were  treated  with  various  concentrations  of  NaBu  or  TSA  as 
indicated.  Some  cells  were  pretreated  with  actinomycin  D  (4  /xm)  or  concom¬ 
itantly  treated  with  CHX  (10  /x g/ml).  All  these  chemicals  mentioned  were 
obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 

Analysis  of  Apoptotic  DNA.  To  determine  whether  DNA  fragmentation 
occurred  after  treatment  with  NaBu,  all  cells  were  collected  and  the  DNA  was 
extracted  by  the  method  described  by  Bomer  et  al.  (27).  Attached  cells  were 
detached  from  the  culture  dishes  with  5  mM  EDTA,  pooled  with  detached  cells, 
spun  down,  and  lysed  in  5  mM  Tris  (pH  7.4),  5  mM  EDTA,  and  0.5%  Triton 
X-100  for  2  h  on  ice.  The  lysate  was  centrifuged  at  27,000  X  g  for  20  min.  The 
supernatant  was  incubated  with  200  /xg/ml  proteinase  K  for  1  h  at  50°C  and 
extracted  with  phenol/chloroform;  then  the  DNA  was  precipitated  overnight  at 
— 20°C  in  2  volumes  of  ethanol  and  0.13  M  NaCl  with  20  /xg  glycogen. 
Nucleic  acids  were  treated  with  1  mg/ml  boiled  bovine  pancreatic  RNase  A  for 
1  h  at  50°C,  then  the  DNA  was  loaded  onto  a  2%  (w/v)  agarose  gel  containing 
0.3  /x g/ml  ethidium  bromide,  and  run  in  1  x  TBE  buffer  at  2.5  V/cm. 

mRNA  DD.  The  DD-PCR  technique  was  used  to  identify  genes  up-regu¬ 
lated  or  down-regulated  by  butyrate  treatment  (28,  29).  Total  RNA  was 
extracted  from  PC-3  cells  exposed  to  NaBu  (10  mM)  for  different  periods  of 
time  using  Trizol  (Life  Technologies,  Inc.)  and  treated  with  RNase-free  DNase 
I  (Life  Technologies,  Inc.)  to  eliminate  genomic  DNA  contamination.  mRNA 
DD-PCR  was  performed  using  the  RNAimage  Kit  (GenHunter,  Corp.,  Nash¬ 
ville,  TN).  After  isolation  of  potentially  interesting  cDNA  fragments  from  the 
differential  display  gel,  each  fragment  was  reamplified  and  cloned  into  the 
pGEM-T  vector  (Promega,  Madison,  WI).  Cloned  cDNAs  were  then  se¬ 
quenced,  followed  by  database  analysis,  Northern  blot  hybridization,  and 
RACE. 

5'-RACE.  To  obtain  the  full-length  cDNA  sequence  of  CPA3,  the  5'- 
RACE  procedure  was  used.  cDNA  was  synthesized  from  poly(A)+  RNA 
isolated  from  NaBu-treated  PC-3  cells.  Adaptor  ligation  and  PCR  were  per¬ 
formed  using  the  Marathon  cDNA  Amplification  Kit  following  the  manufac¬ 
turer’s  recommendations  (Clontech,  Palo  Alto,  CA). 

Northern  Blot  Analysis.  Total  cellular  RNA  (10-15  /xg)  was  applied  to 
and  run  on  1.2%  denaturing  formaldehyde-agarose  gels  and  transferred  onto 
positively  charged  nylon  membranes.  Filters  were  hybridized  first  with 
[32P]dCTP-labeled  target  cDNA  (CPA3,  p21,  and  Actin)  and,  after  stripping, 
rehybridized  with  [32P]dCTP-labeled  GAPDH  and  18S  rRNA  as  controls. 
Human  multiple  tissue  Northern  blots  were  purchased  from  Clontech  (numbers 
7759-1  and  7760-1).  According  to  the  manufacturer’s  information,  each  lane 


3  The  abbreviations  used  are:  NaBu,  sodium  butyrate;  DD-PCR,  differential  display- 
PCR;  CP,  carboxy peptidase;  RACE,  rapid  amplification  of  cDNA  ends;  GAPDH,  glyc- 
eraldehyde-3-phosphate  dehydrogenase;  UTR,  untranslated  region;  CHX,  cycloheximide; 
ACLP,  aortic  carboxypeptidase-like  protein;  TSA,  trichostatin  A;  RT-PCR,  reverse  tran- 
scription-PCR;  EST,  expressed  sequence  tag;  ActD,  actinomycin  D. 


was  loaded  with  ~2  /xg  of  poly(A)+  RNA  prepared  from  different  normal 
human  tissues.  The  premade  blots  were  hybridized  with  the  CPA3  full-length 
cDNA  probe  and,  after  stripping,  rehybridized  with  a  human  actin  cDNA  probe 
as  a  control. 

Construction  and  Transient  Transfection  with  the  Antisense 
p21WAF1/CIP1  Expression  Vector.  On  the  basis  of  the  p2lWAF,/CIP1  cDNA 
sequence  (GenBank  number  U03106),  two  primers  were  designed  to  amplify 
a  530-bp  fragment  of  p21WAF1/CIP1  (from  base  66-595).  A  BamHl  (Promega) 
cut  site  ( underlined)  was  inserted  into  the  forward  primer  AGGA GGATC- 
CATGTCAGAA,  and  a  HitidlU  (Promega)  cut  site  ( underlined)  was  inserted 
into  the  reverse  primer  GGACTGCAA  GC7TCCTGTGG.  The  PCR  product 
was  digested  with  both  BamHl  and  //i/jdlll,  and  a  517-bp  cDNA  fragment 
from  the  5'  end  of  the  p21 WAFI/<ripl  coding  region  that  includes  the  start  ATG 
codon  was  isolated,  then  subcloned  into  the  cloning  sites  of  the  mammalian 
expression  vector  pcDNA3.1(+)  (Invitrogen,  Carlsbad,  CA)  and  transformed 
into  Escherichia  coli  DH5a  (Life  Technologies,  Inc.).  Mini-preparations  of 
ampicillin-resistant  clones  were  sequenced  and  analyzed  for  the  orientation  of 
the  inserts.  Transient  transfections  were  accomplished  by  using  the  Lipo- 
fectAmine  Plus  system  (Life  Technologies,  Inc.).  To  examine  the  effects  of 
p2jWAFi/ciPi  transactivation  on  CPA3  mRNA  induction  by  NaBu,  PC-3  cells 
were  transfected  with  a  p21 WAF,/CTP1  antisense  expression  plasmid  before 
treatment  with  NaBu.  For  controls,  cells  were  similarly  transfected  with 
pcDNA3.1(+).  Exponentially  growing  cells  in  100-mm  culture  dishes  were 
washed  with  serum-free  medium,  then  a  mixture  of  5  fx g  of  plasmid,  30  /xl  of 
LipofectAmine,  and  20  /xl  of  Plus  was  added.  After  a  3-h  incubation,  we  added 
complete  medium  with  serum,  and  then  the  cells  were  incubated  at  37°C;  24  h 
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Fig.  1.  A,  agarose  gel  electrophoresis  of  DNA  from  NaBu-treated  PC-3  cells  demon¬ 
strating  the  DNA  fragmentation  associated  with  apoptosis  in  these  cells.  Cells  were  treated 
with  10  mM  NaBu  for  0,  1,2,  and  3  days.  Lane  I  (M)  was  loaded  with  a  100-bp  DNA 
ladder  from  Life  Technologies  Inc.  (Grand  Island,  NY)  as  a  marker.  B,  mRNA  DD  of 
samples  recovered  from  PC-3  cells  treated  with  10  mM  NaBu  for  0,  24,  48,  and  72  h  was 
performed  by  conducting  PCR  with  primer  pairs  of  H-T11G  (5'- 
AAGCTTTTTTTTTTTG-3 ')  and  AP10  (5'-AAGCTTCTGGGGT-3').  The  CPA3  cDNA 
fragment  identified  is  marked  with  an  arrow.  C,  Northern  blot  analysis  of  CPA3  expres¬ 
sion  in  PC-3  cells  treated  with  NaBu  (10  mM)  for  0,  24,  48,  and  72  h.  Also  shown  is  the 
hybridization  with  a  GAPDH  cDNA  as  a  control  for  the  normalization  of  RNA  loaded. 
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CGGGGRC  7 

flTGflGGTGGfiTflCTGTTCRTTGGGGCCCTTfiTTGGGTCCRGCRTCTGTGGCCGRGflRAflfiTTTTTTGGGGfiCCfiflGTTTTGflGGRTTfiRT  97 

1  ILFIGRLIGSSICGR  EKFFGOQULRIN 

GTCflGfiflflTGGRGRCGflGfiTCflGCflRATTGfiGTCfifiCTfiGTGflRTTCRRRCflRCTTGflRGCTCflflTTTCTGGflfiATCTCCCTCCTCCTTC  187 

31URNGDE  I  SKLSQLUNSHNLKLNFU  KSPSS  F 
RRTCGGCCTGTGGRTGTCCTGGTCCCRTCTGTCflGTCTGCRGGCRTTTRflflTCCTTCCTGRGRTCCCflGGGCTTRGflGTflCGCflGTGflCfl  277 

61NRPyDULUPSUSLQflFKSFLRSQGLEVAU  T 
RTTGRGGRCCTGCRGGCCCTTTTflGRCRRTGRflGRTGflTGRRRTGCRRCRCRRTGflRGGGCflflGRRCGGflGCflGTRRTRRCTTCRflCTflC  367 

91  |edlqrlldheddehqhhegqerssnhfnv 

GGGGCTTfiCCflTTCCCTGGRRGCTflTTTRCCACGRGRTGGRCflflCfiTTGCCGCRGRCTTTCCTGfiCCTGGOGRGGRGGGTGfifiGRTTGGA  457 

121  GRVHSLEfl  I  VHEOON  I  RRDFPDLRRRUK  I  G 

CATTCGTTTGfififlRCCGGCCGfiTGTfiTGTRCTGfifiGTTCRGCfiCTGGGRfiRGGCGTGRGGCGGCCGGCCGTTTGGCTGRfiTGCRGGCfiTC  547 

151HSFENRPMVULKFSTGKGURR  PRUULHRG  I 

CfiTTCCCGfiGRGTGGRTCTCCCRGGCCflCTGCfiflTCTGGfiCGGCAflGGRfiGflTTGTfiTCTGfiTTRCCRGfiGGGflTCCRGCTRTCflCCTCC  637 

181  B  S  B  fi  U  I  SQfiTfi  I  UT  RRKIUSDVQRDPRITS 

RTCTTGGflGAfiRfiTGGflTfiTTTTCTTGTTGCCTGTGGCCRfiTCCTGflTGGRTfiTGTGTflTfiCTCflfiflCTCfiflflRCCGRTTflTGGRGGflflG  727 

21 'I  L  E  K  11  0  I  FLLPURHPDGVUVTQ  TQNRLUiK 

RCGCGGTCCCGflfiRTCCTGGfiflGCTCCTGCflTTGGTGCTGflCCCflflfiTfiGflflRCTGGRRCGCTRGTTTTGCflGGfiflRGGGAGCCRGCGflC  817 

241TRSRNPGSSC  I  GRPPflgjNUNRSFflGKGfiSD 

flRCCCTTGCTCCGfiflGTGTRCCflTGGfiCCCCflCGCCfifiTTCGGflflGTGGflGGTGflRfiTCflGTGGTRGflTTTCRTCCflflflflfiCfiTGGGflfiT  907 

271NPCSEUVHGPHRNSEUEUKSUUDFigKHGN 
TTCRflGGGCTTCfiTCGfiCCTGCflCflGCTflCTCGCfiGCTGCTGflTGTflTCCRTfiTGGGTRCTCflGTCflflRRAGGCCCCRGfiTGCCGRGGfifi  997 

301  F  K  G  F  I  D  L  BSVSQLLIIVPV  GVSUK  KRPD  REE 

CTCGflCfifiGGTGGCGfiGGCTTGCGGCCfiflfiGCTCTGGCTTCTGTGTCGGGCflCTGflGTflCCRRGTGGGTCCCRCCTGCRCCRCTGTCTflT  1087 

331LDKURRLRRKRLRSUSGTEVQUGPTCTTUfi 
CCRGCTRGCGGGflGCRGCRTCGflCTGGGCGTRTGRCRflCGGGRTCflflRTTTGCRTTCRCflTTTGRGTTGRGRGRTflCCGGGflCCTflTGGC  1  177 
361  P  RSGSS  I  DURVDNG  I  KFRFTF|gLRDTGTVG 

TTCCTCCTGCCflGCTRflCCRGflTCflTCCCCfiCTGCfiGfiGGRGflCGTGGCTGGGGCTGRflGfiCCflTCRTGGRGCRTGTGCGGGRCflfiCCTC  1267 
391  F  L  L  P  R  N  g  I  I  PTR  EETULGLKT  I  (1E  HURDNL 

TRCTRGGCGRTGGCTCTGCTCTGTCTRCRTTTRTTTGTRCCCRCRCGTGCRCGCRCTGRGGCCRTTGTTRRRGGRGCTCTTTCCTRCCTG  1357 
421  V  *  ' 

TGTGRGTCRGflGCCCTCTGGGTTTGTGGflGCRCRCRGGCCTGCCCCTCTCCflGCCflGCTCCCTGGRGTCGTGTGTCCTGGCGGTGTCCCT  1447 
GCRflGRflCTGGTTCTGCCRGCCTGCTCRRTTTTGGTCCTGCTGTTTTTGflTGflGCCTTTTGTCTGTTTCTCCTTCCRDCCTGCTGGCTGG  1537 
GCGGCTGCflCTCRGCRTCfiCCCCTTCCTGGGTGGCfiTGTCTCTCTCTfiCCTCfiTTTTTfiGflfiCCflfiflGflfiCRTCTGfiGfiTGflTTCTCTflC  1627 
CCTCflTTCflCflTCTRGCCfiRGCCRGTGRCCTTTGCTCTGGTGGCRCTGTGGGRGRCRCCRCTTGTCTTTRGGTGGGTCTCRRRGflTGRTG  1717 
TRGflRTTICCTTTRRTTTCTCGCRGTCTTCCTGGRRRRTRTTTTCCTTTGRGCflGCRRflTCTTGTRGGGRTflTCRGTGRflGGTCTCTCCC  1807 
TCCCTCCTCTCCTGTTTTTTTTTTTTGRGGCRGflGTTTTGCTCTTGTTGCCCRGGCTGGRGTGTGRTGGGCTCGRTCTTGGCTCRCCRCfl  1897 
flCCTCTGCCTCCTGGGTTCRRGCflRTTCTCCTGCCTCRGCCTCTTGRGTRGCTTGGTTTRTRGGCGCRTGCCRCCRTGCCTGGCTRRTTT  1987 
TGTGTTTTTRGTRGRGRCRGGGTTTCTCCRTGTTGGTCRGGCTGGTCTCflflRCTCCCflflCCTCRGGTGflTCTGCCCTCCTTGGCCTCCCfl  2077 
GRGTGCTGGGRTTRCflGGGGGfiGCCfiCTGTGCCGGTCCCGTCCCCTCCTTTTTTflGGCCTGfifiTflCflflflGTRGRRGRTCRCTTTCCTTCfl  2167 
CTGTGCTGRGflflTTTCTflGRTflCTflCRGTTCTTRCTCCTCTCTTCCCTTTGTTRTTCRGTGTGRCCRGGflTGGGCGGGRGGGGRTCTGTG  2257 
TCRCTGTfiGGTflCTGTGCCCRGGRflGGCTGGGTGflRGTCCCCflTCTflflRTTGCRGGRTGGCGRflRTTflTCCCCRTCTGTCCTRRTGGGCT  2347 
TCCCTCCTCTTTGCCTTTTGRRCTGRCTTCRRRGflTGTRGGCCTCflTCTTRCRGGTCCTRRRTCRCTCRTCTGGCCTGGRTRRTCTCRCT  2437 
GCCCTGGCflCRTTCCCflTTTGTGCTGGGGTRTCCTGTGTTTCCTTGTCCTGGTTTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG  2527 
TGTTTGTGTGTGTGTGTCTGTCTflTTTTGfiTCCGGCCCfiflGTTCCTflflGTflGfiGCflflGfifiTTCRTCRfiCCfiGCTGCCTTTGTTTCRTTTC  2617 
RCCTCRGCRCGTRCCflTCGTCCTTTGGGGGGTTGTTTGTTTTTGTTTTTTGCTTTRRCCRRflflTGTTTGTRRRTCTTRRCCTCCTGCCTR  2707 
GGRTTTGTRCRGGRTTTGGTGTGTGCTTflTRRGCCRRTRRRTRTTCRRTGTGRGTTCCRflRRfiRRRRRRRRRRRRflRRRRRRRHRRRR  2795 

Fig.  2.  Full  nucleotide  sequence  and  corresponding  amino  acid  sequence  of  the  human  CPA3.  The  nucleotide  sequence  is  numbered  on  the  right ,  and  the  amino  acid  sequence  is 
numbered  on  the  left.  The  CPA3  cDNA  contains  a  5'  UTR  (7  bp),  3'  UTR  (1522  bp),  and  a  1266-bp  open  reading  frame  encoding  a  421 -amino  acid  protein.  The  polyadenylation  signal 
consensus  sequence  AATAAA  is  underlined  within  the  3'  UTR.  Within  the  deduced  CPA3  amino  acid  sequence,  a  putative  signal  peptide  region  is  underlined,  and  two  CP  zinc  binding 
signature  domains  are  marked  by  dark  lines.  Key  catalytic  residues  implicated  for  Zn2+  binding,  substrate  positioning,  and  catalytic  activity  are  shaded.  The  asterisk  at  the  end  of  the 
amino  acid  sequence  of  CPA3  corresponds  to  and  is  directly  over  the  TGA  stop  codon. 


after  the  start  of  transfection,  cells  were  treated  with  or  without  10  mM  NaBu 
for  12  h,  cells  were  harvested,  and  total  RNA  was  isolated.  Northern  blot 
analysis  was  performed  using  p21WAF1/crP1  and  CPA3  cDNAs  as  probes. 

RESULTS 

Identification  and  Cloning  of  CPA3.  The  androgen-independent 
prostate  cancer  cell  PC-3  began  to  show  dramatic  morphology 
changes  after  exposure  to  10  mM  NaBu  for  24  h.  The  treated  cells 


demonstrated  a  differentiation  phenotype  of  cellular  spreading  and 
flattening  and  extension  of  pseudopodia  (data  not  shown).  Simulta¬ 
neously,  DNA  fragmentation  indicative  of  apoptosis  was  detected  by 
agarose  gel  electrophoresis  analysis  (Fig.  1A).  DD-PCR  was  used  to 
isolate  cDNAs  up-regulated  and  down-regulated  after  NaBu  treatment 
of  the  PC-3  cells.  In  the  course  of  this  work,  one  330-bp  fragment  was 
identified  using  DD-PCR,  which  was  induced  by  NaBu  treatment 
(Fig.  1 B).  As  is  shown  in  Fig.  IB,  expression  of  the  fragment  corre- 
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Table  1  Homology  (amino  acid  identity)  among  CP  A3  and  other  members  of  the 
metallocarboxypeptidase  gene  family 


Gene 

Identities  (%) 

Positives  (%) 

Mammalian  metallocarboxypeptidase 

Human  CPA2 

63 

76 

Rat  CPA2 

61 

74 

Bovine  CPA 

55 

73 

Human  CPA1 

54 

72 

Rat  CPA1 

52 

70 

Pig  CPB 

52 

72 

Bovine  CPB 

49 

66 

Human  CPB 

40 

60 

Rat  CPB 

40 

60 

Dog  CPB 

39 

60 

Human  CPA-MC 

38 

58 

Rat  CPA-MC 

37 

58 

Mouse  CPA-MC 

37 

56 

Human  pCPB 

37 

54 

Nonmammalian  metallocarboxypeptidase 

Black  fly  Zinc-CP 

43 

60 

C.  elegans  Zinc-CP 

35 

55 

Humus  earthworm  Zinc-CP 

33 

52 

Baker’s  yeast  Zinc-CP 

32 

50 

Drosophila  CPA 

30 

55 

Cotton  bollworm  CPA 

30 

52 

E.  coli  Zinc-CPT 

30 

48 

Fission  yeast  Zinc-CP 

28 

46 

sponding  to  CP  A3  was  very  highly  induced  by  the  treatment  with 
NaBu  (more  so  than  any  of  the  other  fragments  detected  by  DD-PCR). 
Therefore,  we  selected  this  fragment  for  further  characterization.  The 
differential  expression  of  CPA3  between  parental  and  differentiated 
cells  was  further  confirmed  by  Northern  blot  hybridization  using  the 
330-bp  fragment  as  a  probe  (Fig.  1C).  The  330-bp  fragment  hybrid¬ 
ized  to  a  3.0-kb  message  on  these  Northern  blots.  Sequence  analysis 
and  database  searching  revealed  that  this  cDNA  belonged  to  a  novel 
gene.  To  clone  the  full  length  of  this  gene,  we  isolated  poly(A)+ 
mRNA  from  the  PC-3  cells  after  they  were  treated  with  NaBu  for  2 
days.  cDNA  was  synthesized  for  5' -RACE.  From  RACE  experiments, 
we  obtained  an  additional  2.5-kb  cDNA  fragment  for  this  gene.  These 


two  clones  collectively  define  a  2795-bp  full-length  cDNA  sequence. 
The  nucleotide  sequence  and  the  corresponding  amino  acid  sequence 
of  the  protein  are  shown  in  Fig.  2.  The  analyzed  full-length  cDNA 
contained  a  very  short  5'-UTR,  a  large  3 '-untranslated  region,  a 
poly(A)  tail,  and  an  open  reading  frame  of  1266  bp  capable  of 
encoding  a  421 -amino  acid  protein.  Computer-based  analysis  pre¬ 
dicted  that  the  putative  protein  encoded  by  this  gene  contained  two 
zinc-binding  signature  domains  of  metallocarboxypcptidases  (Fig.  2). 
Similar  to  some  of  the  other  CP  mRNAs  (30),  the  5'  UTR  is  only 
several  bp  in  length  (7  bp).  However,  distinct  from  other  CP  mRNAs, 
the  3'  UTR  of  CPA3  mRNA  is  quite  long  and  has  a  1.5-kb  segment 
containing  the  consensus  polyadenylation  signal  sequence  AATAAA, 
located  17  nucleotides  upstream  from  the  poly(A)  tail.  By  using 
TMAP  (software  for  the  identification  of  transmembrane  segments  on 
a  protein  sequence;  EMBL-Heidelberg)  analysis,  we  found  a  16- 
amino  acid  signal  peptide  present  at  the  NH2  terminus  of  the  putative 
protein  encoded  by  this  cDNA  (Fig.  2). 

CPA3  Belongs  to  the  Metallocarboxypeptidase  Family.  Com¬ 
puter-assisted  homology  comparison  revealed  that  although  the  CPA3 
cDNA  sequence  shares  very  low  homology  with  other  genes  in  the 
database  (data  not  shown),  the  CPA3  amino  acid  sequence  shares 
significant  homology  with  metallocarboxypcptidases  in  different  spe¬ 
cies  from  human  to  E.  coli  (Table  1).  The  overall  homology  of  the 
putative  CP  A3  protein  is  highest  to  human  and  rat  CPA2,  with  63% 
and  61%  amino  acid  identity,  respectively.  CPA3  also  shows  very 
high  amino  acid  similarity  with  bovine  CPA,  human  CPA1,  and  rat 
CPA1.  Both  CPA1  and  CPA2  exist  as  procarboxypeptidases  with  a 
structure  containing  an  NH2-terminal  signal  peptide,  a  COOH-termi- 
nal  CP  domain,  and  an  activation  segment  in  the  middle.  As  shown  in 
Fig.  3,  CPA3  shares  significant  structural  similarity  with  CPA2  and 
CPA1 .  Residues  known  to  be  involved  in  Zn2+  binding  (His69,  Glu72, 
and  His196,  using  the  CPA1  numbering  system),  substrate  anchoring 
and  positioning  (Arg71,  Arg127,  Asn144,  Arg145,  and  Tyr24s),  and 
catalysis  (Arg127  and  Glu270)  are  present  in  comparable  positions  in 
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Fig.  3.  Comparison  of  the  amino  acid  sequence  of  human  CPA3  with  those  of  human  CPA1  and  CPA2.  The  human  CPA1  numbering  system  is  shown  on  the  top  of  the  amino  acid 
sequences  and  residues  within  the  CP  moiety  arc  numbered  as  positive,  whereas  residues  in  the  signal  and  activation  regions  are  numbered  as  negative.  Arrows,  the  boundaries  between 
the  signal  peptide,  activation  segment,  and  enzyme  domain.  Residues  for  Zn2+  binding,  substrate  positioning,  and  catalytic  activity  preserved  in  the  corresponding  positions  of  these 
CPs  are  shaded.  The  amino  acid  sequence  of  each  individual  enzyme  is  also  numbered  on  the  right. 
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Fig.  4.  Basal  levels  of  CPA3  mRNA  in  various  prostate  cell  lines.  Northern  blots  were 
made  from  three  prostate  cancer  cell  lines  and  one  benign  prostatic  hyperplasia  cell  line 
and  probed  with  CPA3  cDNA.  The  molecular  weight  markers  shown  on  this  gel  are  18S 
and  28S  rRNAs.  Also  shown  is  the  hybridization  with  the  GADPH  cDNA  to  control  for 
loading  of  RNA  in  the  different  lanes. 


CPA3  in  its  COOH-terminal  enzyme  domain  (Figs.  2  and  3).  On  the 
basis  of  this  data,  we  named  this  gene  CP  A3. 

Expression  of  CPA3  in  Different  Tissues  and  Cells.  We  ana¬ 
lyzed  expression  of  CP  A3  mRNA  in  16  human  normal  tissues  by 
using  Clontech’s  Multiple  Tissue  Northern  blots  #1  and  #2.  However, 
we  did  not  detect  any  Northern  hybridization  signal  in  tissues  includ¬ 
ing  heart,  brain,  placenta,  lung,  liver,  skeletal  muscle,  kidney,  pan¬ 
creas,  spleen,  thymus,  prostate,  testis,  ovary,  small  intestine,  colon, 
and  peripheral  blood  lymphocytes.  However,  we  did  detect  very 
strong  hybridization  signals  on  the  blots  made  from  prostate  cell  lines 
in  the  same  hybridization  experiment  (Fig.  4).  Hybridization  with  an 
actin  cDNA  demonstrated  that  the  quality  of  the  mRNA  on  the 
commercial  multiple  tissue  Northern  blots  was  good.  We,  therefore, 
analyzed  the  expression  status  of  CPA3  in  different  human  tissues 
using  RT-PCR  analysis.  Using  RT-PCR,  we  did  observe  low  expres¬ 
sion  of  CPA3  in  some  of  aforementioned  tissues,  including  normal 
prostate,  as  compared  with  the  expression  of  GAPDH  (data  not 
shown).  There  are  very  few  ESTs  homologous  to  CPA3  cDNA  in  the 
database,  and  all  these  ESTs  were  obtained  from  normalized  cDNA 
libraries  made  from  fetal  brain,  melanocyte,  and  pregnant  uterus, 
respectively.  Thus,  it  seems  that  CPA3  mRNA  could  be  an  extremely 
rare  transcript  in  normal  human  cells.  Because  the  two  homologous 
CPs  CPA1  and  CPA2  are  of  pancreatic  origin,  we  also  analyzed 
expression  of  CPA3  mRNA  in  pancreatic  cells.  In  normal  pancreatic 
tissues,  no  expression  of  CPA3  mRNA  was  observed  by  Northern 
hybridization,  although  low  expression  was  detected  by  RT-PCR 
analysis  (data  not  shown).  Similar  very  low  expression  levels  of  CPA3 
were  observed  in  seven  pancreatic  cancer  cell  lines  (data  not  shown). 


CPA3  Is  Inducible  in  Various  Prostate  Cell  Lines  by  NaBu. 

Previous  data  indicated  that  CPA3  mRNA  was  preferentially  ex¬ 
pressed  in  specific  types  of  tissues  or  cells.  We  then  sought  to 
establish  whether  CPA3  mRNA  was  inducible  by  NaBu  in  other 
prostate  cell  lines.  CP  A3  induction  by  NaBu  was  found  to  be  dosage- 
dependent  in  PC-3  cells  (Fig.  5 A).  It  is  considered  that  the  half-life  of 
NaBu  is  quite  short,  and  no  cytotoxic  effect  was  found  after  cells  were 
treated  with  20  mM  NaBu.  Therefore,  we  selected  to  use  10  mM  NaBu 
to  treat  PC-3,  DU145,  LNCaP,  and  BPH1  cells  for  the  time-course 
study.  In  PC-3  cells,  CPA3  can  be  induced  as  early  as  3  h  after  NaBu 
treatment  and  was  highly  induced  from  12  h  to  48  h  (Fig.  5B).  In 
DU145  cells,  CPA3  expression  was  slightly  higher  after  6  h  of  NaBu 
treatment  and  extremely  high  after  48  h  of  treatment  (Fig.  5C). 
Induction  of  CP  A3  mRNA  by  NaBu  was  detected  in  the  BPH1  cell 
line,  although  the  induction  pattern  of  this  gene  was  slightly  different 
from  PC-3  and  DU145  (Fig.  5D).  CPA3  could  not  be  induced  in  the 
androgen-sensitive  cell  line  LNCaP  (data  not  shown).  We  also  tested 
the  inducibility  of  CPA3  in  several  pancreatic  cancer  cell  lines  (see 
“Materials  and  Methods”).  No  induction  of  CPA3  mRNA  by  NaBu 
was  detected  in  any  of  the  seven  tested  cell  lines  (data  not  shown). 

CPA3  mRNA  Expression  Is  Induced  by  Histone  Hyperacety- 
lating  Agents.  Because  butyrate  is  known  to  be  a  histone  deacetylase 
inhibitor,  we  wonder  if  another  histone  hyperacetylating  agent  could 
induce  the  CP  A3  gene.  TSA  is  a  potent  and  specific  inhibitor  of 
histone  deacetylase  and,  like  butyrate,  has  been  shown  to  cause  G1 
cell  cycle  arrest  and  differentiation  of  various  cell  types  (31,  32).  We 
found  that  in  PC-3  cells,  TSA  induces  CP  A3  expression  in  a  dosage- 
dependent  manner,  with  maximal  effects  occurring  at  0.6  jllm  and  1.2 
pM  (Fig.  6 A).  Similar  to  NaBu,  the  effects  of  TSA  on  CP  A3  occur  as 
early  at  3  h,  but  distinct  from  NaBu,  the  expression  level  of  CPA3 
comes  down  by  48  h  of  TSA  treatment  (Fig.  6 B).  To  investigate 
whether  CPA3  induction  by  either  NaBu  or  TSA  was  due  to  an 
increase  in  the  rate  of  CPA3  mRNA  synthesis  or  an  enhancement  of 
its  stability,  the  transcriptional  inhibitor  ActD  was  used.  Pretreatment 
with  4  fx m  ActD  for  30  min  completely  abolished  CPA3  induction  by 
NaBu  and  TSA  (Fig.  6,  C  and  D ),  thus,  indicating  that  induction  of 
CPA3  is  dependent  on  transcriptional  activity  of  cells.  Because  in¬ 
duction  of  CPA3  occurs  at  3  h  by  treatment  of  NaBu  and  TSA  (Figs. 
5  B  and  6  B),  we  tested  whether  CP  A3  was  induced  by  an  early  drug 
response  mechanism.  As  shown  in  Fig.  6E,  the  induction  of  CPA3  was 
inhibited  by  simultaneous  treatment  with  CHX,  indicating  that  other 
proteins  mediate  CPA3  induction  by  NaBu  or  TSA. 

Requirement  of  Transactivation  of  p21WAF1/CIP1  in  CP  A3  In¬ 
duction  by  NaBu.  Induction  of  p2lWAF1/CIP1  by  NaBu  and  TSA  in 
the  colorectal  cancer  cell  line  HT-29  cannot  be  blocked  by  the  protein 
synthesis  inhibitor  CHX.  Instead,  the  mRNA  expression  level  of 
p21WAF1/CIP1  increases  slightly,  indicating  that  p21WAF1/CIP1  was 
induced  by  these  chemicals  as  an  immediate-early  gene  (21).  We 


Fig.  5.  Effect  of  NaBu  on  CPA3  expression  in 
several  prostate  cell  lines.  A,  PC-3  cells  were 
treated  with  0,  0.1,  0.5,  2.5,  10,  or  20  mM  NaBu  for 
24  h;  Total  RNA  (15  fig)  was  applied  for  Northern 
blot  analysis  and  hybridized  with  CPA3  and 
GAPDH  cDNAs  as  probes.  5-D,  PC-3,  DU145, 
and  BPH1  cells  were  treated  with  10  mM  NaBu  for 
various  times,  respectively.  Total  RNA  (15  fig) 
was  applied  to  the  gels  for  Northern  blot  analysis. 
GAPDH  cDNA  was  used  as  a  control  for  the 
normalization  of  RNA  loaded  in  these  experi¬ 
ments. 
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Fig.  6.  NaBu  and  TSA  induce  CPA3  expression  in  PC-3  ceils  in  a  drug  late-response  manner.  A,  dose  response  for  CPA3  induction  by  TSA.  PC-3  cells  were  treated  with  various 
concentrations  of  TSA,  0-1.2  jxm  for  24  h,  and  CPA3  mRNA  expression  was  examined  by  Northern  blot  analysis.  B,  time-course  for  induction  of  CPA3  by  TSA.  Cells  were  treated 
with  0.6  jam  TSA  for  varying  lengths  of  time,  from  0-48  h,  and  induction  of  CPA3  expression  was  examined  by  Northern  blot  analysis.  C,  effect  of  ActD  on  CPA3  induction  by  NaBu. 
PC-3  cells  were  pretreated  with  4  jxm  ActD  for  30  min  before  a  24-h  exposure  to  the  indicated  doses  of  NaBu  (Lancs  2-5)  or  not  pretreated  with  ActD  (Lane  6).  Expression  of  CPA3 
mRNA  in  PC-3  cells  without  any  chemical  treatment  was  included  as  a  control  (Lane  /).  18S  rRNA  was  used  as  a  control  for  the  normalization  of  RNA  loaded  in  these  experiments. 
D,  effect  of  ActD  on  CPA3  induction  by  TSA.  PC-3  cells  were  pretreated  with  4  jam  ActD  for  30  min  before  a  24-h  exposure  to  the  indicated  doses  of  TSA  (Ume  2-5)  or  not  pretreated 
with  ActD  (Lane  6).  Expression  of  CPA3  mRNA  in  PC-3  cells  without  any  chemical  treatment  was  analyzed  as  a  control  (Lane  I ).  1 8S  rRNA  was  used  as  a  control  for  the  normalization 
of  RNA  loaded  in  these  experiments.  E ,  CP  A3  induction  by  NaBu  and  TSA  is  blocked  by  a  protein  synthesis  inhibition.  Cells  were  treated  simultaneously  with  10  itim  NaBu  or  0.6 
jam  TSA  and  10  jxg/ml  CHX  for  12  h.  RNA  was  isolated  and  applied  to  the  gels  for  Northern  blot  analysis.  GAPDH  cDNA  probe  was  used  as  a  control  for  the  normalization  of  RNA 
loaded  in  the  experiments. 


obtained  the  same  result  when  the  PC-3  cell  line  was  simultaneously 
treated  with  NaBu  or  TSA  and  CHX  (data  not  shown).  This  result 
suggests  that  p2iWAF,/c,P1  also  acts  as  an  immediate-early  gene  in  the 
in  vitro  differentiation  of  PC-3  cells  due  to  treatment  with  NaBu 
or  TSA.  Because  the  induction  of  CPA3  was  mediated  by  a  late 
response  mechanism,  we  investigated  whether  there  was  any  effect  of 
p21 WAF1/CIP1  transactivation  on  CPA3  induction  by  NaBu.  An  anti- 
sense  p2lWAF,/CIP1  expression  vector  was  transiently  transfected  into 
PC-3  cells,  and  the  cells  were  treated  with  NaBu.  As  is  shown  in  Fig. 
7,  expression  of  antisense  p21WAF1/CIP1  not  only  completely  blocked 
expression  of  p21WAF1/CIP\  but  also  almost  completely  inhibited 
induction  of  CP  A3  by  NaBu.  For  a  control,  PC-3  cells  were  trans¬ 
fected  with  only  the  expression  vector  pcDNA3.1 .  Similar  to  the  PC-3 
cells,  both  p21WAF,/CIP1  and  CPA3  can  be  highly  induced  in  these 
cells  by  NaBu  treatment  (Fig.  7).  Therefore,  induction  of  CPA3  by 
NaBu  requires  the  transcription  activity  of  p21WAF1/CIP1. 

DISCUSSION 

In  this  study,  we  describe  the  isolation  and  characterization  of  a 
novel  CP,  CPA3,  that  shares  significant  homology  with  the  CPA 
subfamily  of  metalloprecarboxypeptidases.  CPA3  was  highly  induced 
by  NaBu  treatment  of  several  prostate  cancer  cell  lines,  and  it  was  also 
induced  by  TSA,  which  is  a  potent  and  specific  inhibitor  of  histone 
deacetylase.  We  also  demonstrated  that  the  specific  induction  of 
CP  A3  by  NaBu  was  specifically  inhibited  by  antisense  p21WAFI. 

GenBank  searches  indicated  that  CP  A3  shares  significant  homol¬ 
ogy  to  the  members  of  the  CPA  and  CPB  subfamily  of  metallocar- 
boxypeptidases.  As  shown  in  Table  1,  CPA3  not  only  has  37-63% 
amino  acid  identity  with  other  zinc  CPs  from  different  mammalian 
species,  but  also  shares  27-43%  of  amino  acid  similarity  with  zinc 
CPs  from  a  number  of  nonmammalian  species.  CPA3  shows  the 
highest  homology  with  CPA1  and  CPA2,  indicating  that  it  is  a  new 
member  of  the  CPA  subfamily.  CPA1  and  CPA2  are  also  known  as 


pancreatic  CPs,  the  digestive  enzymes  involved  in  the  hydrolysis  of 
alimentary  proteins,  which  are  expressed  and  secreted  into  the  pan¬ 
creatic  juices.  We,  therefore,  examined  the  expression  of  CPA3,  but 
did  not  find  expression  of  CPA3  in  either  normal  pancreas  or  pancre¬ 
atic  tumor  cells  by  Northern  analysis.  We  previously  showed  that 
several  pancreatic  cancer  cell  lines  also  undergo  differentiation  and 
apoptosis  on  exposure  to  NaBu  (11),  but,  in  this  study,  we  did  not 
detect  any  induction  of  CPA3  in  seven  pancreatic  cancer’ cell  lines 
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m  9  9  9  m  m  gapdh 

Fig.  7.  Expression  of  antisense  p2lWAF,/c,pl  RNA  inhibits  induction  of  CPA3  mRNA 
by  NaBu.  The  antisense  p21WAF,/clP'  expression  vector  was  constructed  and  transiently 
transfected  into  PC-3  (see  “Materials  and  Methods”).  Twenty-four  hours  later,  cells  were 
subjected  to  treatment  with  10  mM  NaBu  for  12  h.  Total  RNA  (15  jxg)  was  applied  to  gels 
for  Northern  blot  analysis  using  p21 WAF,/C1P1,  CPA3,  and  GAPDH  cDNAs  as  probes.  As 
controls,  PC-3  cells  without  any  transfection  and  transiently  transfected  with  an  empty 
pcDNA3.1(+)  expression  vector  were  treated  with  10  mM  NaBu  for  12  h,  and  RNA  was 
isolated  for  Northern  blot  analysis.  p2J(WT ),  wild  type  transcript  of  p21WAFI/c,pl  (2.1 
kb);  p21(AS),  antisense  transcript  of  p2 1  WA»=|^C'*F>J  (0.8  Kb).  This  figure  is  representative 
of  results  from  three  experiments. 
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after  exposure  to  NaBu  for  more  than  2  days.  We  detected  extremely 
low  levels  of  CPA3  expression  in  normal  prostate  tissue  by  RT-PCR 
analysis.  However,  expression  of  CPA3  was  easily  detectable  in 
untreated  prostate  cancer  cell  lines  by  Northern  hybridization  analysis 
(Fig.  4),  and  CP  A3  mRNA  was  highly  induced  by  NaBu  in  these 
cancer  cell  lines  (Fig.  5).  These  data  indicate  that  CPA3  is  a  nondi¬ 
gestive  pancreatic-like  CPA. 

Although,  generally,  similarities  in  primary  structure  between  di¬ 
gestive  and  nondigestive  CPs  are  quite  low  (33),  sequence  alignments 
clearly  show  that  key  catalytic  residues  are  common  to  these  enzymes, 
His69,  Glu72,  and  His196  (using  the  CPA1  numbering  system)  for  the 
Zn2+  binding;  Arg71,  Arg127,  Asn144,  Arg145,  and  Tyr248  for  substrate 
anchoring  and  positioning;  and  Arg127  and  Glu270  for  catalytic  activ¬ 
ity  (30,  33,  34).  All  of  the  residues  essential  for  the  coordination  of  the 
Zn2+  active  site,  substrate  peptide  anchoring,  and  CP  activity  are  also 
preserved  in  comparable  positions  in  the  putative  CPA3  protein  (Figs. 

2  and  3).  The  NH2-terminal  domains  of  most  metallocarboxypepti- 
dases  contain  a  signal  peptide  critical  for  the  proper  targeting  of  the 
protein.  Motif  analysis  predicts  that  CPA3  contains  an  NH2-terminal 
sequence  of  16  amino  acids  that  resembles  the  signal  peptide  consen¬ 
sus  sequence  (35)  and,  thus,  CPA3  is  similar  to  other  CP  family 
members.  Further  analysis  shows  that  similar  to  other  metallocar- 
boxypeptidases  (including  CPA1,  CPA2,  CPB,  CPA-MC,  pCPB,  and 
CPE),  CPA3  contains  a  pro-peptide  between  the  NH2-terminal  signal 
peptide  sequence  and  COOH-terminal  CP  moiety  (Fig.  3).  Thus, 
CPA3  is  a  proprecarboxypeptidase. 

A  number  of  nondigestive  pancreatic-like  CPs  have  been  reported 
in  the  recent  literature.  AEBP1  has  CP  activity  and  has  also  been 
shown  to  be  a  new  type  of  transcription  factor  (36).  In  addition  to  a  CP 
domain,  CPZ  and  ACLP  contain  the  frizzled  (fz)  and  discoidin-like 
domains,  respectively,  indicating  that  these  two  proteins  might  have 
other  functions  distinct  from  CP  activity  (34,  37).  CPs  catalyze  the 
removal  of  the  COOH-terminal  basic  amino  acids  arginine  or  lysine 
from  peptides  or  proteins.  The  natural  substrates  of  these  enzymes 
seem  to  be  peptide  hormones  including  kinins,  enkephalin  hexapep- 
tides,  and  anaphylatoxins,  or  proteins  such  as  creatinine  kinase  (38). 

The  removal  of  the  COOH-terminal  arginine  or  lysine  results  in 
modulation  or  inactivation  of  peptide  hormone  activity,  and  this  might 
play  an  essential  role  in  cell  growth  and  differentiation.  Induction  of 
ACLP  message  and  protein  was  observed  as  Monc-1  cells  differenti¬ 
ate  into  smooth  muscle  cells,  indicating  that  ACLP  may  play  a  role  in 
the  differentiation  of  vascular  smooth  muscle  cells  (37).  Expression  of 
CP  M  is  associated  with  monocyte  to  macrophage  differentiation  (38). 

In  this  study,  we  found  that  induction  of  CP  A3  mRNA  expression  was 
associated  with  in  vitro  differentiation  of  prostate  epithelial  cells. 

Butyrate  and  its  structural  analogues  are  known  cell  growth  and 
differentiation  regulators  and  are  currently  under  clinical  consider¬ 
ation  as  a  tool  for  the  management  of  prostate  cancer  (5,  26).  How¬ 
ever,  the  molecular  link  between  butyrate  treatment  and  prostate  cell 
differentiation  is  not  well  understood.  By  investigating  mechanisms 
by  which  induction  CPA3  mRNA  is  mediated  in  NaBu-induced  in 
vitro  differentiation  of  prostate  cancer  cells,  this  study  strongly  sup¬ 
ports  the  existence  of  a  link  between  histone  deacetylase  activity  and 
butyrate-mediated  differentiation  in  prostate  cancer  cells. 

Differentiation  and  apoptosis  induced  by  NaBu  was  observed  in 
three  androgen-independent  prostate  cells  including  PC-3  (Fig.  1A), 
DU145,  and  BPH1  (data  not  shown).  We,  therefore,  believe  that  this 
is  an  ideal  model  to  study  gene  expression  and  regulation  during 
differentiation  and  apoptosis  of  androgen-independent  prostate  cells. 
CPA3  expression  was  highly  up-regulated  during  NaBu-induced  dif¬ 
ferentiation  of  PC-3  cells  (Fig.  1C).  Similar  up-regulation  was  also 
observed  in  two  other  androgen-independent  prostate  cancer  cell  lines 
(Fig.  5),  suggesting  that  a  common  signal  pathway  seems  to  be 

2987 


involved  in  induction  of  CPA3  mRNA.  Butyrate  is  known  to  induce 
general  histone  acetylation  through  a  noncompetitive  inhibition  of  the 
histone  deacetylation  enzyme.  This  action  likely  occurs  in  vivo  be¬ 
cause  rats  fed  a  high-fiber  diet  have  high  butyrate  levels,  which  were 
found  to  be  associated  with  histone  hyperacetylation  in  colon  epithe¬ 
lial  cells  (39).  Further  investigation  showed  that  CP  A3  mRNA  ex¬ 
pression  was  also  induced  by  TSA  in  a  time-  and  dosage-dependent 
manner  (Fig.  6).  TSA  is  a  potent  and  specific  histone  deacetylase 
inhibitor.  Thus,  our  data  indicates  that  CPA3  mRNA  induction  is 
mediated  by  the  mechanism  of  histone  hyperacetylation. 

Induction  of  CPA3  mRNA  expression  by  histone  inhibitors  can  be 
blocked  by  CHX,  indicating  that  CPA3  is  a  downstream  gene  in 
response  to  the  hyperacetylating  activity  of  histones.  The  mechanism 
by  which  CP  A3  is  induced  by  NaBu  and  TSA  was  further  investigated 
in  this  study.  Hyperacetylation  of  histones  neutralizes  their  positive 
charge,  disrupting  their  ionic  interaction  with  DNA,  and  thereby 
allowing  transcription  factors  to  access  and  activate  specific  genes 
(17).  During  in  vitro  differentiation  of  colon  cancer  cells,  it  was 
shown  that  p21WAF1/CIP1  mRNA  is  consistently  induced  by  NaBu  and 
TSA  in  an  immediate-early  manner  through  a  mechanism  involving 
histone  hyperacetylation  (21).  We  observed  the  same  results  in  the 
differentiation  of  prostate  cancer  cells.  By  performing  transient  trans¬ 
fection  assays  with  antisense  p2lWAF1/CIP1?  we  discovered  that  anti- 
sense  expression  of  p21WAF1/CIP1  completely  inhibits  the  induction  of 
CP  A3  by  butyrate  (Fig.  7).  We  do  not  know  how  NaBu  and  TSA 
induce  expression  of  CPA3,  but  a  plausible  model  is  that  butyrate  and 
TSA  inhibit  histone  deacetylase  at  the  level  of  the  p21WAF1/CIP1  gene. 
This  leads  to  changes  in  the  chromatin  that  allow  transcriptional 
activation  of  this  gene  (21),  and  transactivation  of  the  p2lWAF1/CIP1 
gene  further  mediates  induction  of  CPA3  mRNA.  Whether 
p21  wafi/cipi  directly  interacts  with  CPA3  through  the  binding  to  its 
promoter  or  through  other  proteins  is  still  unknown  and  needs  to  be 
determined. 

Proliferation  and  differentiation  of  prostate  cancer  cells  is  hormone- 
related.  Several  studies  have  suggested  that  various  factors  including 
androgen  and  peptide  growth  factors,  play  a  major  role  in  the  patho¬ 
genesis  as  well  as  in  the  promotion  of  prostate  cancer  (40-42). 
Prostate-specific  membrane  antigen  was  originally  identified  as  a 
marker  of  prostate  cancer  (43).  Recently,  it  was  found  to  function  as 
a  glutamate  CP  (42),  indicating  that  like  androgen,  peptide  hormones 
such  as  neuropeptides  might  also  be  involved  in  the  cell  growth  and 
differentiation  of  prostate  epithelial  cells.  Of  the  five  ESTs  that  were 
found  to  be  homologous  to  the  CPA3  cDNA  in  the  DNA  sequence 
databases,  one  was  derived  from  a  pregnant  mouse  uterus  library,  and 
another  was  derived  from  a  pregnant  human  uterus  library.  We  have 
identified  the  mouse  CPA3,  and  its  expression  pattern  was  different 
between  pregnant  and  nonpregnant  mouse  uterus  (data  not  shown). 
Therefore,  it  seems  that  expression  of  CPA3  is  associated  with  hor¬ 
mone-regulated  tissues.  The  removal  of  the  COOH-terminal  amino 
acid  results  in  modulation  or  inactivation  of  peptide  hormone  activity 
that  could  play  an  essential  role  in  cell  growth  and  differentiation.  The 
structural  similarity  of  CPA3  with  other  CPs  suggests  that  it  might 
modulate  the  function  of  peptide  hormones  that  play  an  essential  role 
in  the  growth  and/or  differentiation  of  prostate  epithelial  cells.  How¬ 
ever,  the  exact  substrate  of  CP  A3,  and  its  function  within  the  cell,  is 
presently  unknown. 
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FRA3B  at  3p1 4.2  is  the  most  active  of  the  common  frag¬ 
ile  sites  in  the  human  genome  and  is  expressed  when 
cells  are  exposed  to  the  DNA  replication  inhibitor, 
aphidicolin.  Several  lines  of  evidence  suggest  that 
fragile  sites  are  regions  of  late  replication.  To  elucidate 
the  relationship  between  the  timing  of  replication 
across  the  FRA3B  region  and  its  corresponding  fragil¬ 
ity,  we  labeled  cells  with  5-bromo-2'-deoxyuridine 
(BrdU)  and  adopted  an  immunofluorescent  procedure 
to  visualize  late  replicating  DNA  (Brdll-substituted 
DNA)  in  metaphase  chromosomes.  We  also  chose  21 
markers  along  the  FRA3B  region  and  analyzed  the  tim¬ 
ing  of  replication  using  BrdU-labeled  DNA  from  differ¬ 
ent  stages  of  the  cell  cycle  sorted  by  flow  cytometry. 
Our  results  show  that  there  are  two  distinct  alleles  that 
replicate  at  different  stages  in  the  cell  cycle  and  that 
breaks/gaps  preferentially  occurred  on  the  chromo¬ 
some  3  with  the  late  replication  allele.  These  results 
provide  direct  evidence  that  allele-specific  late  repli¬ 
cation  is  involved  in  the  fragility  of  the  most  active 
common  fragile  site,  FRA3B. 

INTRODUCTION 

FRA3B  is  the  most  highly  inducible  fragile  site  in  the  human 
genome  (1).  Deletions  in  the  FRA3B  region  are  observed  in  a 
number  of  different  solid  tumors  (2-6).  Ohta  et  al  (7)  identified 
the  fragile  histidine  triad  (. FHIT)  gene  from  this  region,  and  they 
identified  alterations  in  this  gene  using  nested  RT-PCR  analysis 
in  a  number  of  different  tumor  types  (7-9).  The  human  FHIT  gene 
spans  an  estimated  1  Mb  of  DNA  at  chromosome  3pl4.2  and 
encompasses  the  entire  FRA3B  region  and  a  t(3;8)  translocation 
breakpoint  observed  in  a  family  with  hereditary  renal  cell 
carcinoma  (the  hRCC  breakpoint) .  In  contrast  to  its  large  genomic 
size,  the  final  processed  transcript  of  this  gene  is  only  1 . 1  kb  and 
it  encodes  a  16.8  kDa  protein  with  diadenosine  triphosphate 
hydrolase  activity  (10). 

The  molecular  basis  for  the  fragility  in  the  FRA3B  region  is  not 
yet  known.  Previous  studies  (11,12)  have  suggested  that  the 
common  fragile  site  FRA3B  is  distinct  from  the  cloned  rare 


fragile  sites.  First,  no  repeat  motifs,  such  as  trinucleotide  or 
minisatellite  repeats,  characteristic  of  rare  fragile  sites  have  been 
identified.  Second,  genomic  breakage  and  instability  occur  over 
a  large  genomic  region  (at  least  500  kb).  It  has  been  hypothesized 
that  gaps  at  fragile  sites  arise  as  a  result  of  replication  failure  at 
chromosomal  points  that  are  unusually  sensitive  to  interference 
during  DNA  synthesis  (13).  Using  a  fluorescence  in  situ 
hybridization  (FISH)-based  procedure  to  analyze  replication 
timing,  Le  Beau  et  al.  (14)  reported  that  FRA3B  sequences  are 
late  replicating  and  that  replication  was  delayed  further  by 
aphidicolin,  an  inhibitor  of  DNA  polymerases  a  and  8(15). 

Although  the  function  of  the  FHIT  gene  has  not  yet  been 
determined,  the  gene  can  be  used  as  a  biomarker  to  analyze  DNA 
replication  around  the  F///77FRA3B  region.  We  treated  cell  lines 
with  aphidicolin  and  analyzed  replication  timing  in  the  FHIT 
region  using  multiplex  PCR  analysis  with  human  FHIT  exon- 
specific  primers  as  well  as  markers  throughout  the  FRA3B  region 
including  several  polymorphic  markers.  We  also  adopted  an 
immunofluorescent  procedure  to  visualize  5-bromo-2'-deoxy- 
uridine  (BrdU)-substituted  DNA  in  metaphase  chromosomes.  Our 
data  show  that  replication  timing  in  the  F///77FRA3B  region  is 
asynchronous  and  that  there  are  two  distinct  alleles  that  replicate 
at  different  times  in  the  cell  cycle.  Breaks/gaps  within  the  FRA3B 
region  preferentially  occurred  on  the  chromosome  with  the  late 
replicating  (LR)  allele.  To  our  knowledge,  this  is  the  first  report  to 
demonstrate  allele-specific  late  replication  in  this  region. 

RESULTS 

FRA3B  expression  and  DNA  replication  in  the 
F///7YFRA3B  region 

To  visualize  the  replication  pattern  across  the  FRA3B  region,  we 
labeled  the  cells  with  BrdU  for  3  h  and  then  collected  them  for 
chromosome  preparation.  Indirect  immunofluorescence  was  used 
for  detection  of  BrdU-substituted  DNA  in  metaphases.  Since 
BrdU  was  incorporated  into  DNA  in  the  last  3  h  before  the  cells 
entered  M  phase,  the  detected  BrdU  should  represent  the  LR 
region  on  chromosomes.  Preliminary  data  from  cell  line 
GM037 1 5  and  two  normal  blood  samples  showed  that  LR  signals 
were  observed  mostly  on  one  of  the  two  chromosomes  3  and  that 
breaks/gaps  in  the  FRA3B  region  occurred  preferentially  on  the 
chromosome  with  LR  signals.  These  data  raise  an  important 
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question,  which  is  whether  FRA3B  expression  occurs  randomly 
between  the  chromosome  3  homologs  or  preferentially  on  one 
homolog.  To  answer  this  question,  we  chose  another  cell  line 
(GM 11428)  with  abnormalities  on  both  chromosomes  3,  which 
were  easily  differentiable  as  one  had  a  partial  deletion,  del(3),  and 
the  other  had  a  partial  duplication,  dup(3).  We  analyzed  660 
metaphases  from  this  cell  line,  comprising  278  metaphases  from 
cells  with  aphidicolin  induction  and  382  metaphases  from  cells 
without  aphidicolin  induction.  We  first  analyzed  late  replication 
and  compared  the  results  obtained  between  aphidicolin-induced 
cells  and  cells  not  exposed  to  aphidicolin.  After  aphidicolin 
induction,  a  total  of  75  LR  signals  out  of  278  metaphases  were 
identified  in  the  FRA3B  region  while  48  of  382  metaphases  from 
untreated  cells  showed  LR  signals  in  this  fragile  site.  The 
difference  between  the  two  groups  is  statistically  significant 
(Pi  =0.0001,  x2  test)  (Table  1),  demonstrating  a  delay  of 
replication  at  FRA3B  after  aphidicolin  induction.  Figure  1  shows 
some  representative  metaphases  with  LR  and/or  fragile  site 
breakage  on  one  chromosome  3  while  the  other  chromosome  3 
did  not  have  a  BrdU  LR  signal  or  a  fragile  site  break. 


Table  1.  Preferential  breaks  at  chromosome  3  with  the  late  replication  allele 


Metaphases 

LR  signals 

Breaks 

analyzed 

del(3)/dup(3) 

del(3)/dup(3) 

Aphidicolin  induction 

278 

75  (63/12) 

33  (31/2) 

Control  (no  induction) 

382 

48  (48/0) 

8  (8/0) 

LR,  late  replication;  del(3),  chromosome  3  with  deletion;  dup(3),  chromosome 
3  with  duplication. 


Since  the  cell  line  utilized  has  two  distinct  homologs,  del(3)  and 
dup(3),  it  was  very  easy  to  differentiate  them.  We  next  analyzed 
LR  and  breaks/gaps  between  the  two  chromosome  3- homologs. 
Interestingly,  84%  (63/75)  of  LR  signals  were  detected  on  the 
chromosome  3  with  the  partial  deletion  in  aphidicolin-treated 
cells  (Table  1).  A  similar  result  was  also  obtained  in  the  cells 
without  aphidicolin  treatment  (Table  1).  The  difference  between 
the  two  distinguishable  chromosomes  3  in  this  cell  line  was 
significant  (P2  =  0.035,  y}  test).  These  results  indicate  that 
replication  at  FRA3B  is  asynchronous.  One  chromosome  3 
contains  an  LR  allele  and  the  other  contains  an  earlier  replicating 
allele.  More  interestingly,  the  chromosome  with  the  LR  allele 
showed  more  breaks/gaps  at  FRA3B  than  its  homolog,  especially 
after  aphidicolin  induction  (Table  1),  suggesting  that  late 
replication  is  associated  with  fragility  of  the  fragile  site  FRA3B. 

Profile  of  replication  timing  in  the  F///7YFRA3B  region 

BrdU-labeled  human  DNAs  from  six  fractions  of  the  cell  cycle 
were  isolated  by  co-immunoprecipitation  with  BrdU-labeled 
hamster  DNA.  To  test  the  quality  of  the  isolated  DNA,  we 
performed  control  experiments  by  analyzing  control  PCR 
products  in  the  cell  line  GM03715.  First,  the  hamster- specific 
PCRs  from  hypoxanthine-guanine  phosphoribosyltransferase 
( HXGPRT)  and  transducin  ( TRANA )  genes  showed  constant 
bands  across  the  six  fractions  of  cell  cycle,  suggesting  that 
BrdU-labeled  human  DNAs  were  co-precipitated  successfully 
(data  not  shown).  Secondly,  human-specific  PCR  primers  derived 
from  regions  with  known  replication  profiles  showed  late 


(DXS297  and  DXS7857)  and  early  replication  ( HPRT)  as 
expected,  further  suggesting  that  the  DNA  did  indeed  represent 
different  fractions  in  the  cell  cycle  (Fig.  2A).  We  then  used  the 
BrdU-substituted  DNAs  as  templates  to  analyze  the  replication 
timing  of  FHIT  exons  and  other  markers  along  the  F7//77FRA3B 
region.  The  results  showed  that  replication  was  clearly  asynchro¬ 
nous  in  at  least  six  of  seven  FHIT  exons,  including  exons  3, 4, 6, 
7, 8  and  9  (Fig.  3A).  For  example,  replication  of  exon  8  started  at 
Si,  stopped  at  S2,  and  restarted  at  S3.  After  aphidicolin  induction, 
the  replication  was  delayed  but  still  remained  asynchronous  (Fig. 
3B).  To  determine  if  this  actually  represented  asynchronous 
replication  between  two  alleles,  we  analyzed  three  polymorphic 
markers  from  this  region  ( D3S4260 ,  D3S1600  and  D3S1313) 
against  the  BrdU-substituted  DNA.  The  result  of  this  analysis 
demonstrated  that  there  are  indeed  two  distinct  alleles  with 
independent  replication  timing  in  the  cell  line  analyzed  (Fig.  2B). 

To  better  understand  the  replication  profile  in  the  F7//77FRA3B 
region,  we  scanned  all  of  the  signals  and  compared  the  relative 
density  of  each  signal.  We  chose  the  two  cell  cycle  stages  that  gave 
the  greatest  amplification  with  each  respective  marker  to  represent 
the  replication  timing  of  the  early  and  late  alleles  for  that  specific 
marker.  Figure  4  includes  all  markers  tested  within  the  FHIT! 
FRA3B  region  and  shows  the  replication  pattern  of  the  two 
respective  alleles  for  each  marker.  Also  included  in  this  figure  is  the 
replication  of  the  two  alleles  for  each  marker  in  the  presence  of 
aphidicolin.  It  can  be  clearly  seen  that  most  of  the  markers  replicate 
later  (for  both  alleles)  in  the  presence  of  aphidicolin.  The  LR  allele 
of  FHIT J  which  usually  replicates  very  late,  replicates  extremely 
late  in  the  presence  of  aphidicolin:  15  of  21  markers  tested  showed 
replication  of  the  LR  allele  in  the  G2/M  phase  in  the  presence  of 
aphidicolin  (Fig.  4).  We  also  repeated  this  experiment  in  another 
cell  line  GM00546.  Although  the  data  are  not  shown  here,  the 
results  from  this  cell  line  were  similar  to  those  from  GM03715, 
suggesting  that  the  allele-specific  late  replication  within  the 
F///77FRA3B  region  was  not  limited  to  one  cell  line. 


DISCUSSION 

Chromosome  replication  is  under  stringent  temporal  and  spatial 
control  to  ensure  accurate  duplication  of  the  genome.  Timing  of 
DNA  replication  appears  to  be  an  important  epigenetic  regulator 
of  gene  expression  during  development.  Using  a  FISH-based 
procedure,  Le  Beau  et  al.  (14)  reported  LR  in  the  FRA3B  region 
and  this  replication  was  delayed  further  in  the  presence  of 
aphidicolin.  By  detecting  BrdU-labeled  DNA,  we  cytologically 
and  molecularly  demonstrate  not  only  late  replication  but  also 
allele-specific  replication  within  the  FHIT/ FRA3B  region,  es¬ 
pecially  after  aphidicolin  induction  (Table  1  and  Fig.  4).  After 
induction,  the  chromosomes  with  LR  signals  within  the  FRA3B 
region  increased  from  12.6  (48/382)  to  27.0%  (75/278),  and 
chromosomes  with  breaks/gaps  at  the  same  region  increased  from 
2.1  (8/382)  to  11.9%  (33/278)  (Table  1).  This  demonstrates  a 
coincidence  between  a  delay  of  replication  and  breaks/gaps  at 
FRA3B.  More  importantly,  our  data  also  show  that  the  chromo¬ 
some  with  the  LR  allele  had  more  breaks/gaps  than  its  homolog 
(Table  1),  suggesting  that  indeed  late  replication  and  possibly 
incomplete  replication  may  lead  to  breaks/gaps  in  the  FHIT I 
FRA3B  region.  It  is  hypothesized  that  unreplicated  DNA  regions 
would  affect  the  localized  chromatin  structure,  and  this  might 
lead  to  the  unstable  as  well  as  recombinogenic  properties  of  this 
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Figure  1.  Visualization  of  late  replication  in  the  FRA3B  region.  Cultured  cells  were  treated  with  aphidicolin  for  24  h  and  labeled  by  BrdU  for  3  h  before  harvest  for 
chromosome  preparation.  BrdU-labeled  DNA  in  the  metaphase  chromosomes  was  detected  by  an  immunofluorescent  procedure  (see  Materials  and  Methods).  The 
green/light  blue  spots  represent  the  late  replicating  region  (BrdU-substituted  DNA)  on  the  chromosomes.  The  metaphase  spreads  were  obtained  from  cell  lines 
GM1 1428  (A  and  B)  and  GM03715  (C  and  D),  respectively.  (A)  and  (C)  show  late  replication  of  one  chromosome  3  homolog  without  fragile  site  breakage  in  either 
homolog.  (B)  and  (D)  show  late  replication  of  one  homolog  with  fragile  site  breakage.  Two  of  the  metaphases  (A  and  D)  also  showed  very  strong  signals  (late 
replication)  on  the  inactive  chromosomes  X.  del(3),  chromosome  3  with  partial  deletion;  dup(3),  chromosome  3  with  duplication. 
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Figure  2.  Allele-specific  replication  in  the  FHITf FRA3B  region.  PCR  products 
were  labeled  and  separated  on  sequencing  gels.  (A)  A  control  experiment  was 
performed  to  ensure  the  high  quality  of  isolated  DNAs.  The  PCR  products  from 
known  replication  pattern  markers  produced  early  ( HPRT)  and  late  ( DXS297 
and  DXS7857)  replication  signals  as  expected.  Note:  both  of  the  late  replication 
markers  also  showed  early  replication  bands  since  the  DNAs  were  isolated  from 
female  cells  with  only  one  late  replicated  chromosome  X  (inactivated). 
(B)  Three  polymorphic  markers  from  the  FHITf FRA3B  region  displayed 
asynchronous  replication  of  their  two  distinct  alleles.  The  arrows  demonstrate 
the  two  different  replicating  alleles  for  each  polymorphic  marker. 
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Figure  3.  Replication  timing  profile  of  the  FHIT  gene.  BrdU-labeled  DNA 
from  six  different  fractions  of  cell  cycle  were  subjected  to  multiplex  PCR  by 
direct  labeling  with  [a-32P]dCTP  followed  by  separation  on  sequencing  gels 
(see  Materials  and  Methods).  (A)  Replication  profile  before  aphidicolin 
induction.  (B)  Replication  profile  after  aphidicolin  induction.  Asynchronous 
replication  timing  can  be  seen  with  most  of  the  FHIT  exons. 


fragile  site.  The  data  herein  provide  direct  evidence  linking  late 
replication  and  breaks/gaps  to  the  common  fragile  site  FRA3B. 

Asynchronous  DNA  replication  has  been  reported  in  imprinted 
regions  such  as  15q  11-13,  llq23  and  11  pi 5.5  (16-19).  Imprinted 
regions  appear  to  be  unstable  in  the  human  genome  since  frequent 
deletions  and  rearrangements  were  observed  in  these  regions  in 
human  cancers  and  also  in  several  genetic  diseases.  So  far,  the 
molecular  basis  of  the  instability  at  imprinted  regions  is  not  yet 


known.  Imprinted  regions  and  the  FRA3B  region  share  several 
common  features  such  as  asynchronous  replication  and  frequent 
deletion  in  cancers.  Preliminary  studies  in  our  laboratory  have 
shown  that  one  allele  of  the  FHIT  gene  in  cancer  cell  lines  is 
deleted  preferentially  (unpublished  data)  whereas  the  other  allele 
appears  to  be  unperturbed.  This  could  explain  why  full-length 
RT-PCR  products  were  still  observed  in  cell  lines  with  hetero¬ 
geneous  deletions  in  FHIT  exons  (20).  Asynchronous  replication 
may  be  associated  with  frequent  splicing  alterations  within  the 
FHIT  gene,  as  seen  in  a  variety  of  tumors  and  some  normal  tissues 
(21,22),  since  altered  RNA  splicing  in  other  regions  with 
asynchronous  replication  has  been  reported  (23,24).  More 
interestingly,  FMRJ  and  FMR2,  the  two  cloned  genes  at  rare 
fragile  sites,  also  demonstrated  altered  RNA  splicing  and  late 
replication  (25-28).  Further  analysis  will  help  to  address  any 
relationship  between  DNA  replication  and  RNA  splicing. 

The  data  presented  here  show  that  the  markers  throughout  this 
region  replicate  at  different  times  in  the  cell  cycle  (Fig.  4).  This 
does  not  seem  consistent  with  what  we  know  about  DNA 
replication,  replicons  and  replication  domains  in  other  regions. 
This  asynchronous  replication  pattern  could  be  one  of  the 
important  factors  leading  to  fragility  in  the  FRA3B  region.  Thus 
far,  we  are  not  sure  what  mechanism  causes  this  unique 
replication  pattern.  Previous  studies  have  shown  that  the  DNA 
sequences  in  this  region  are  high  in  A-T  content,  LINEs  and 
MER  repeats,  whereas  the  number  of  Alu  elements  is  reduced 
(12).  Further  studies  are  needed  to  determine  what  kind  of  DNA 
sequences  or  three-dimensional  structures  are  associated  with  the 
asynchronous  replication  timing  across  this  region. 

In  summary,  we  report  here  that  there  is  allele-specific 
replication  of  the  F7//77FRA3B  region.  The  expression  of 
fragility  in  the  FRA3B  region  preferentially  occurred  on  the 
chromosome  with  the  late  replicating  allele.  The  results  herein 
provide  evidence  that  allele-specific  late  replication  is  related  to 
the  fragility  of  the  common  fragile  site  FRA3B.  It  will  be 
interesting  to  see  if  the  genes  that  reside  on  the  87  other  common 
fragile  sites  show  allele-specific  replication.  Such  an  observation 
would  suggest  that  this  is  the  mechanism  underlying  the  common 
fragile  sites:  a  very  late  replicating  allele,  which  cannot  finish 
replication  before  cell  division  in  the  presence  of  aphidicolin  or 
some  other  cellular  stress,  predisposes  that  homolog  to  breakage 
and  rearrangement. 


MATERIALS  AND  METHODS 

Cell  lines  and  reagents 

Human  lymphoblastoid  cell  lines  GM03715,  GM00546  and 
GM11428  were  purchased  from  NIGMS.  The  former  two  cell 
lines  are  karyotypically  normal.  GM1 1428,  came  from  a  6-year- 
old  female  with  the  following  karyotype:  46,  XX, 
del(3)(p25pter),der(3)add(3)(pter)dup(3)(q21qter).  The  two 
chromosomes  3  in  this  patient  are  easily  distinguishable  from 
each  other,  thus  facilitating  our  analyses  of  chromosome-specific 
late  replication.  The  culture  conditions  were  based  on  recommen¬ 
dations  from  the  supplier.  In  addition,  two  peripheral  blood 
samples  were  obtained  from  two  females  with  normal  karyo¬ 
types.  Aphidicolin  and  BrdU  were  purchased  from  Sigma  (St 
Louis,  MO).  Mouse  anti-BrdU  antibody  and  fluorescein-labeled 
secondary  antibody  (anti-IgG)  were  obtained  from  Calbiochem 
(La  Jolla,  CA). 
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Figure  4.  Timing  of  the  replication  profile  across  the  F///77FRA3B  region  in  cell  line  GM03715  in  the  absence  and  presence  of  aphidicolin.  A  total  of  21  markers 
across  the  FHJT/FRA3B  region  were  analyzed.  The  approximate  position  of  each  marker  within  the  F///77FRA3B  region  is  shown  on  the  left.  Also  included  in  this 
figure  is  the  region  where  aphidicolin-inducible  breakage  occurs  (the  FRA3B  region),  as  well  as  important  landmarks  in  that  region  including  the  hRCC  breakpoint, 
the  proximal  and  distal  clusters  of  aphidicolin-induced  breakpoints,  the  position  of  the  HPV16  viral  integration  site  and  the  position  of  pSV2neo  insertions  into  the 
FRA3B  region  in  the  presence  of  aphidicolin.  The  two  strongest  signals  were  chosen  to  represent  the  replication  timing  for  each  allele  for  that  marker.  The  curved 
lines  represent  replication  timing  for  each  allele  across  this  region.  The  most  significant  asynchronous  replication  between  the  two  alleles  occurred  at  FHIT  exon  6, 
D3S1300,  D3S4482,  FHIT  ex  on  5,  U 39804,  U 39799,  spc-DNAl,  FHIT  exon  4,  D3S1480  and  FHIT  exon  3  (arrows  beside  each  marker). 


Visualization  of  late  replication  in  the  FRA3B  region 

Cell  lines  GM037 1 5  and  GM 1 1 428  and  two  whole  blood  samples 
were  cultured  in  RPMI-1640  with  10%  fetal  bovine  serum  (FBS) 
and  treated  with  aphidicolin  (0.4  pM)  for  24  h.  The  cells  were 
then  labeled  with  BrdU  at  a  final  concentration  of  10  pM  (for 
GM03715  and  GM11428)  or  50  pM  (for  the  two  whole  blood 
samples)  for  3  h  and  treated  with  colcemid  at  a  final  concentration 
of  0.4  pM  for  1  h  before  harvesting.  The  cells  were  collected  and 
subjected  to  chromosome  preparation.  Chromosomes  from 
metaphase  spreads  were  denatured  by  incubation  for  2  min  in  a 
mixture  of  ethanol/0.1  M  NaOH  (2:5)  (29).  BrdU-labeled 
chromosomes  were  visualized  by  using  an  indirect  immuno¬ 
fluorescence  procedure.  Briefly,  the  denatured  slides  were 
permeabilized  with  0.1%  NP-40  for  15  min  followed  by 
incubation  with  10%  goat  serum  in  phosphate-buffered  saline 
(PBS)  (pH  7.4)  for  20  min.  The  slides  were  incubated  with 
5  pg/ml  of  anti-BrdU  antibody  in  PBS-FCS  solution  (lx  PBS, 
5%  fetal  calf  serum)  for  1  h.  After  three  3  min  washes  with  PBS, 
the  slides  were  incubated  with  1  pg/ml  of  fluorescein-labeled 
anti-mouse  IgG  for  1  h.  The  slides  were  then  washed  three  times 
for  5  min  each  with  PBS  before  counterstaining  with  4',6-diami- 
dino-2-phenylindole  (DAPI)  (0.03  pg/ml).  The  slides  were 


analyzed  under  a  Zeiss  fluorescence  microscope  with  a  CCD 
camera. 

Flow  cytometry  and  DNA  isolation 

Two  different  lymphoblastoid  cell  lines  (GM03715  and 
GM00546)  were  cultured  and  treated  with  and  without  aphidico¬ 
lin  at  a  final  concentration  of  0.4  pM  for  24  h.  The  cells  were  then 
pulse-labeled  for  90  min  with  BrdU  at  a  final  concentration  of 
50  pM.  Before  sorting,  the  cells  were  collected  and  stained  with 
propidium  iodide.  The  aphidicolin-treated  and  -untreated  BrdU- 
labeled  cells  were  separated  into  six  different  cell  cycle  phases  on 
a  FACS  cell  sorter.  They  include  Gi,  four  S  phases  (Si,  S2,  S3  and 
S4)  and  G2/M  (30).  For  each  phase,  1  x  105  cells  were  collected. 
BrdU-containing  DNA  from  the  lymphoblastoid  cells  and  an 
equal  amount  of  BrdU-labeled  DNA  from  hamster  cells  were 
mixed  and  isolated  by  co-immunoprecipitation  as  described 
previously  (27,28,30). 

PCR  analysis  of  replicated  DNA 

A  total  of  21  PCR-amplifiable  sequence-tagged  site  (STS)  markers 
(see  Fig.  4  for  the  list)  were  analyzed  across  the  FRA3B  region 
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including  14  STS  markers  previously  described  (20)  and  primers 
specific  for  seven  FHIT exons  (exons  3-9)  (3 1 ).  The  sequences  for 
the  FHIT  multiplex  PCR  primer  sets  were  kindly  provided  by  Dr 
A.F.  Gazdar  (University  of  Texas  Southwestern  Medical  Center). 
The  primers  for  amplifying  hamster  DNA  as  a  control  were 
designed  based  on  the  HXGPRT  gene  (accession  no.  X53080)  and 
the  TRANA  gene  (accession  no.  X96664).  The  two  hamster- 
specific  primer  pairs  are:  HXGPRT  forward,  S'-TTCGGGAAAG- 
AAAGCTGTGA-3';  HXGPRT  reverse,  5 '-TCTC  AAGTAG  A- 
CAGGAGCCTTCC-3';  TRANA  1  forward,  5'-AGCAGTA- 
GAAGAAATACAGGTG-3';  and  TRANA  1  reverse,  5'-ACC- 
TTGTGGTTTGTTGCTC-3'.  In  addition,  internal  controls  for 
given  replication  profiles  include  assays  of  several  known  early 
and  late  replicating  human  sequences.  The  human  HPRT gene  (30) 
is  an  early  replication  marker.  DXS297  and  DXS7857  are  late 
replication  reference  markers  (28). 

For  non-polymorphic  STS  markers,  PCR  reactions  were 
performed  in  a  volume  of  12.5  \i\  containing  100  pM  of  each 
dNTP,  1.5  mM  MgCl2,  6.25  pmol  of  each  primer  pair,  0.5  U  of 
AmpliGold  Taq  polymerase  (Perkin  Elmer-Cetus,  Branchburg, 
NJ)  and  BrdU-labeled  DNA  corresponding  to  1000  flow-sorted 
cells  in  lx  reaction  buffer  II  supplied  by  the  manufacturer.  For 
polymorphic  STS  markers  and  FHIT  primers,  5  pCi  of 
[a-32P]dCTP  (Amersham)  was  put  into  each  PCR  reaction  for 
direct  labeling.  All  reactions  were  performed  on  a  Themocycler 
480  (Perkin-Elmer  Cetus)  with  10  min  initial  denaturation  at 
95  °C  to  activate  the  Taq  polymerase.  Amplification  was  for  25 
cycles  which  included  94°C  for  20  s,  58-60°C  for  30  s  and  72°C 
for  30  s.  Except  for  FHIT  primer  sets,  PCR  reactions  routinely 
included  a  pair  of  hamster  primers  as  a  control. 


Replication  timing  analysis 

PCR  products  from  non-polymorphic  STS  markers  were  run  on 
1.5%  agarose  gels,  transferred  to  nylon  membranes  and  then 
probed  with  32P-labeled  PCR  products.  The  membrane  was 
reprobed  with  a-32P-labeled  hamster-specific  PCR  products.  The 
multiplex  PCR  products  from  the  FHIT  exons  were  run  on  5% 
non-denaturing  polyacrylamide  gels.  PCR  products  from  poly¬ 
morphic  STS  markers  were  analyzed  by  6%  denaturing 
polyacrylamide  gels  with  8  M  urea.  The  films  were  exposed  for 
1—48  h  before  development.  All  of  the  experiments  analyzing  the 
cell  cycle  purified  fractions  were  repeated  at  least  twice. 
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Keratin  23  ( K23 ),  a  Novel  Acidic  Keratin,  Is  Highly 
Induced  by  Histone  Deacetylase  Inhibitors  During 
Differentiation  of  Pancreatic  Cancer  Cells 
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Sodium  butyrate  (NaBu)  was  shown  to  induce  differentiation  and  apoptosis  in  the  human  pancreatic  cancer  cell  line  AsP  1- 1 
A  suppression  subtractive  hybridization-based  technique  was  used  to  identify  genes  induced  by  NaBu.  A  novel  cDNA  wis 
found  to  be  highly  up-regulated  in  AsPC-l  cells  in  response  to  NaBu.  The  gene  expresses  a  1.65-kb  mRNA  encoding  a  prcte  n 
with  an  open  reading  frame  of  422  amino  acids.  It  has  an  intermediate  filament  signature  sequence  and  extensive  homoiogy 
to  type  I  keratins.  Sequence  comparison  with  known  keratins  indicated  that  the  gene  shares  42-46%  amino  acid  identity  ar  d 
60-65%  similarity  within  the  a-helical  rod  domain.  The  gene  is  named  K23  (for  human  type  I  Keratin  23,  KRT23).  K23  mRNA 
was  highly  induced  by  NaBu  in  different  pancreatic  cancer  cells.  Trichostatin  A  (TSA),  a  potent  and  specific  inhibitor  of  histone 
deacetylase,  similarly  induced  K23  mRNA  expression.  Treatment  with  either  actinomycin  D  or  cycloheximide  efficiently 
blocked  the  induction  of  K23  mRNA  by  NaBufTSA.  These  results  indicate  that  K23  mRNA  induction  by  NaBu  or  TSA  is  a 
downstream  event  of  histone  hyperacetylation.  We  also  demonstrated  that  expression  of  p2/WAFI/c,pl  antisense  RNA 
efficiently  blocked  the  induction  of  K23  mRNA  induced  by  NaBu.  Our  results  suggest  that  K23  is  a  novel  member  of  the  acidic 
keratin  family  that  is  induced  in  pancreatic  cancer  cells  undergoing  differentiation  by  a  mechanism  involving  histone 
hyperacetylation.  p2/WAFI/OPI  serves  as  an  important  mediator  during  the  induction  process  of  K23  by  NaBu. 

©  2000  Wiley-Liss,  Inc 


INTRODUCTION 

Pancreatic  adenocarcinoma  is  the  fifth  leading 
cause  of  cancer  mortality  in  the  United  States,  with 
an  extremely  dismal  prognosis  (Silverberg  et  al., 
1990).  Only  about  10%  of  patients  have  resectable 
tumors  at  the  time  of  diagnosis,  and  the  5-year 
survival  rate  of  these  patients  is  less  than  10% 
(Warshaw  et  al.,  1992).  It  is  therefore  imperative  to 
identify  new  molecular  markers  for  the  early  diag¬ 
nosis  and  to  explore  novel  therapeutic  strategies  for 
this  lethal  disease.  One  of  the  therapeutic  agents 
that  is  potentially  important  in  the  treatment  of 
pancreatic  adenocarcinoma  is  sodium  butyrate 
(NaBu).  Recently,  butyrate  and  its  structural  ana¬ 
logs  have  entered  clinical  trial  as  a  differentiation 
therapy  for  advanced  prostate  cancer  and  brain 
tumors  (Samid  et  al.,  1997).  NaBu  is  a  short-chain 
fatty'  acid  generated  in  the  large  intestine  by  bac¬ 
terial  fermentation  of  dietary  fibers.  The  biological 
significance  of  this  compound  is  its  ability  to  reg¬ 
ulate  cell  growth  and  differentiation.  NaBu  has 
been  shown  to  induce  growth  inhibition,  differen¬ 
tiation,  and  apoptosis  in  various  cell  lines  derived 
from  primary  tumors  such  as  breast  cancer  (Graham 
and  Buick,  1988),  colorectal  tumors  (Barnard  and 
Warwick,  1993;  Hague  et  al.,  1993),  prostate  cancer 


(Halgunset  et  al.,  1988;  Huang  et  al.,  1999),  hepa¬ 
toma  (Saito  et  al.,  1991),  neuroblastomas  (Rocchi  ct 
al.,  1992),  as  well  as  pancreatic  cancer  (Egawa  et  al., 
1996;  Mullins  et  al.,  1991).  The  concentrations  of 
butyrate  that  cause  growth  inhibition  in  vitro  are 
similar  to  those  measured  within  the  mammalian 
colon. 

One  of  the  known  functions  of  NaBu  is  inhibi¬ 
tion  of  histone  deacetylase,  that  leads  to  the  devel¬ 
opment  of  histone  hyperacetylation  (Riggs  et  al., 
1977).  Reversible  histone  acetylation  is  now 
thought  to  play  an  important  role  in  the  regulation 
of  chromatin  structure  and  in  transcriptional  activ¬ 
ity  (Turner,  1993).  The  discovery  of  enzymes  con¬ 
trolling  the  acetylation  and  deacetylation  of  his¬ 
tones  has  brought  new  insights  into  the 
understanding  of  the  transcriptional  machinery 
within  the  cell.  Nuclear  histone  acetylases  have 
been  shown  to  be  either  transcriptional  coactivators 
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or  coactivator-associated  proteins,  whereas  histone 
deacetylases  have  been  identified  as  components 
of  nuclear  co-repressor  complexes  providing  a  di¬ 
rect  link  between  histone  acetylation  and  transcrip¬ 
tional  regulation  (Armstrong  and  Emerson,  1998; 
Davie,  1998).  More  recent  findings  have  shown 
that  many  transcriptional  regulatory  proteins  pos¬ 
sess  intrinsic  histone  acetylase  activity,  including 
Gcn5py  TAF130/250 ,  and  p300/CBP  (Kuo  et  al., 
1996;  Mizzen  et  al.,  1996;  Ogryzko  et  al.,  1996). 
The  retinoblastoma  protein  (RBI)  inhibits  transcrip¬ 
tion  of  S-phase  specific  protein  by  recruiting 
HDAC1  (Luo  et  al.,  1998).  The  p53  tumor  suppres¬ 
sor  protein  also  utilizes  histone  deacetylases  to  re¬ 
press  the  transcription  of  specific  genes,  and  its 
interaction  with  histone  deacetylases  is  mediated 
by  the  transcriptional  co-repressor  protein  mSin3a 
(Murphy  et  al.,  1999).  There  is  also  evidence  that 
histone  deacetylation  is  associated  with  DNA 
methylation.  The  methyl-CpG-binding  protein 
MECP2  appears  to  reside  in  a  complex  that  has 
histone  deacetylase  activity  (Jones  et  al.,  1998;  Nan 
et  al.,  1998).  DNA  methylation  and  histone 
deacetylation  seem  to  act  in  synergy  for  the  silenc¬ 
ing  of  some  important  genes  in  cancer,  although 
CpG  island  methylation  is  the  dominant  mecha¬ 
nism  for  the  stable  maintenance  of  the  silent  state 
at  these  loci  (Cameron  et  al.,  1999). 

It  was  recently  shown  that  butyrate  mediates 
growth  inhibition  of  colon  cancer  cells  by  inducing 
p2j\VAFiiciPi  expression  through  histone  deacetyla¬ 
tion  (Archer  et  al.,  1998).  In  addition,  the  products 
of  certain  oncogenes  have  been  shown  to  suppress 
transcription  of  their  target  genes  by  recruiting 
histone  deacetylase  (Ogryzko  et  al.,  1996;  Yang  et 
al.,  1996),  that  cleaves  acetyl  groups  from  histones 
and  blocks  their  ability  to  induce  DNA  conforma¬ 
tional  changes.  This  transcriptional  block  can  be 
overcome  by  agents  that  inhibit  histone  deacety¬ 
lase,  and  clinically,  transcription  targeting  therapy 
for  leukemia  has  been  achieved  using  butyrate  to 
inhibit  histone  deacetylase  to  relieve  the  transcrip¬ 
tional  repression  caused  by  certain  oncogenes 
(Warrell  et  al.,  1998). 

We  sought  to  investigate  the  molecular  mecha¬ 
nism  by  which  butyrate  mediates  growth  arrest  and 
differentiation  of  pancreatic  cancer  cells,  and  to 
identify  potential  markers  for  diagnosis  and  treat¬ 
ment.  In  the  present  study,  we  report  on  the  iden¬ 
tification  and  characterization  of  a  novel  interme¬ 
diate  filament  protein,  designated  K23 ,  that  is 
highly  induced  upon  NaBu  treatment  of  pancreatic 
cancer  cells.  Our  data  demonstrate  that  K23  repre¬ 


sents  a  novel  member  of  the  type  I  keratin  family 
and  is  highly  induced  by  agents  causing  histone 
hyperacetylation.  We  have  also  demonstrated  that 
p2iWAF1/CIP1  is  a  critical  mediator  of  K23  mRNA 
induction  by  NaBu. 

MATERIALS  AND  METHODS 

Cell  Cultures  and  Treatment 

The  human  pancreatic  carcinoma  cell  line 
AsPC-1  was  obtained  from  the  American  Type 
Culture  Collection  (Rockville,  MD).  The  cell  line 
was  originally  derived  from  pancreatic  adenocarci¬ 
noma  cells  that  had  metastasized  to  the  liver.  The 
cells  were  maintained  as  a  monolayer  in  RPMI 
1640  (Life  Technologies,  Gaithersburg,  MD)  sup¬ 
plemented  with  15%  fetal  calf  serum,  penicillin  (50 
IU/ml)/streptomycin  (50  mg/ml)  (Life  Technolo¬ 
gies,  Gaithersburg,  MD),  L-glutamine  (2  mM),  and 
sodium  pyruvate  (1  mM;  Sigma,  St.  Louis,  MO) 
and  were  grown  in  5%  C02>  in  95%  humidified  air 
at  37°C.  Other  cell  lines  including  SU.86.86, 
BxPC-3,  Capan-1,  MIA,  Hs766T,  and  PANC-1 
were  also  obtained  from  the  American  Type  Cul¬ 
ture  Collection  (Rockville,  MD)  and  cultured  un¬ 
der  the  conditions  recommended  for  each  cell  line. 
Chemical  treatments  were  performed  on  cells  that 
were  60-80%  confluent.  All  the  chemical  reagents 
including  NaBu  (sodium  butyrate),  paraquat,  5-AC 
(5-azacytidine),  TSA  (trichostatin  A),  ACD  (actino- 
mycin  D),  and  CHX  (cycloheximide)  were  pur¬ 
chased  from  Sigma.  NaBu,  paraquat,  5-AC,  and 
TSA  were  added  to  cultures  at  the  concentration 
and  for  the  times  indicated  in  the  text.  The  final 
concentrations  of  ACD  and  CHX  used  were  4  p,M 
and  35  pM,  respectively.  In  the  case  of  combined 
treatments,  ACD  or  CHX  was  added  to  cultures  30 
min  before  the  addition  of  NaBu  or  TSA.  Images 
were  taken  on  an  inverted  Zeiss  microscope  at 
200X  magnification  using  a  phase  contrast  objec¬ 
tive.  Representative  digital  images  were  captured 
using  the  Spot  digital  camera  (Diagnostic  Instru¬ 
ments  Inc.,  Sterling  Height,  MI). 

Analysis  of  Apoptotic  DNA 

To  determine  whether  treatment  of  cells  with 
NaBu  resulted  in  DNA  fragmentation,  collected 
cells  and  DNA  was  extracted  by  the  method  of 
Borner  et  al.  (1995),  as  has  been  described  (Huang 
et  al.,  1999).  Attached  cells  were  detached  from  the 
culture  dishes  with  5  mM  EDTA,  spun  down,  and 
lysed  in  5  mM  Tris  (pH  7.4),  5  mM  EDTA,  and 
0.5%  Triton  X-100  for  2  hr  on  ice.  The  detached 
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cells  were  directly  spun  down  from  culture  me¬ 
dium  and  lysed  as  above.  The  lysate  was  centri¬ 
fuged  at  27,000  X  g  for  20  min.  The  supernatant 
was  incubated  with  200  pg/ml  proteinase  K  for  1  hr 
at  50°C  and  extracted  with  phenol/chloroform; 
then  the  DNA  was  precipitated  overnight  at  20°C 
in  2  vol  of  ethanol  and  0.13  M  NaCl  with  20  pg  of 
glycogen.  Nucleic  acids  were  treated  with  1  mg/ml 
boiled  bovine  pancreatic  RNase  A  for  1  hr  at  50°C, 
then  the  DNA  was  resolved  on  1.8%  (W/V)  agarose 
gels  containing  0.3  pg/ml  ethidium  bromide,  and 
run  in  IX  TBE  buffer  at  2.5  V/cm. 

Construction  of  Subtracted  cDNA  Libraries  and 
Screening  With  Reverse  Northern  Hybridization 

The  SSH-based  technique  was  used  to  generate 
subtracted  cDNA  libraries  (Diatchenko  et  al., 
1996).  Briefly,  total  RNA  was  prepared  from  control 
and  NaBu-treated  cells  using  Trizol  reagent.  Poly- 
adenylated  RNA  was  purified  using  the  Oligotex 
mRNA  purification  kit  (Qiagen,  Valencia,  CA). 
SSH  was  performed  between  control  AsPC-1  cells 
and  AsPC-1  cells  treated  with  1  mM  NaBu  for  24  hr 
using  the  PCR-Select™  cDNA  subtraction  kit 
(Clontech,  Palo  Alto,  CA)  following  the  procedures 
described  by  the  manufacturer.  The  subtraction 
efficiency  was  determined  by  PCR  analysis  of 
GAPDH  expression  in  subtracted  and  unsub¬ 
tracted  cDNA  libraries.  The  differentially  ex¬ 
pressed  cDNAs  were  enriched  through  a  nested 
PCR  approach.  The  PCR  conditions  were  modified 
from  the  original  protocol  to  increase  specificity. 
The  thermocycling  conditions  used  for  initial  sup¬ 
pression  PCR  were  75°C  5  min,  94.5°C  30  sec,  then 
5  cycles  at  94.5°C  10  sec,  68°C  10  sec,  72°C  1.5 
min,  followed  by  22  cycles  of  94.5 °C  10  sec,  66°C 
10,  sec  and  72°C  1.5  min  using  a  single  primer 
(5 '  -CT  AAT  ACG  ACTC  ACT  AT  AG  GGC-3 ' ) .  The 
primary  PCR  products  were  diluted  50  times,  and  1 
pi  was  used  as  template  in  100  pi  of  nested  PCR 
reaction.  The  PCR  was  performed  at  94.5  10  sec, 
72°C  1.5  min  for  15  cycles  with  primers  NP1  (5'- 
TCGAGCGGCCGCCCGGGCAGGT-3')  and  NR2 
(5'-AGCGTGGTCGCGGCCGAGGT-3'). 

The  PCR  products  from  either  forward  (control 
AsPC-1  as  driver)  or  reverse  (NaBu-treated  cell  as 
driver)  subtracted  cDNA  libraries  were  subcloned 
into  pGEM-T  vector  (Promega,  Madison,  WI).  A 
total  of  190  random  picked  single  colonies  were 
used  for  colony  PCR  with  NP1  and  NR2  primers. 
The  PCR  products  from  each  individual  clone 
were  arrayed  onto  nylon  filters  in  duplicates  for 
further  screening.  The  adaptor-free  nested  PCR 


products  from  forward  and  reverse  subtracted 
cDNA  libraries,  respectively,  were  used  as  probes 
for  Reverse  Northern  hybridization..  The  hybrid¬ 
ized  filters  were  exposed  to  autoradiography  film  at 
-80°C  for  from  3  hr  to  3  days. 

Rapid  Amplification  of  cDNA  Ends  (RACE)  and 
Sequencing 

To  obtain  the  full-length  cDNA  sequence  of 
K23 ,  the  5'-RACE  procedure  was  employed,  with 
Marathon-Ready  cDNA  from  pancreas  used  as  a 
template  and  the  Advantage  cDNA  Klentaq  DNA 
polymerase  (Clontech,  Palo  Alto,  CA)  used  follow¬ 
ing  the  manufacturer’s  instructions.  Two  gene-spe¬ 
cific  primers  (GSP1  and  GSP2)  were  designed 
based  upon  the  original  sequence  obtained  from 
the  SSH  cDNA  library.  The  primer  sequences  are 
GSP1:  5 '  -C  ACTC  ACTGGTGTCTGTGCAAG- 
GACTT-3'  and  GSP2:  S'-CTCTCCCTCCAG- 
GAGCCGTCGGTA-3'.  A  RACE  product  of  1.2 
kb  was  obtained  and  cloned  into  the  pGEM-T 
vector  (Promega,  Madison,  WI).  Automatic  se¬ 
quencing  was  performed  in  the  Mayo  Foundation 
Molecular  Biology  Core.  The  Genbank™  database 
was  used  for  sequence  searches. 

Northern  Blot  Hybridization 

Total  RNA  was  prepared  from  control  and 
treated  cells  using  Trizol  regent.  Aliquots  of  15  pg 
of  total  RNA  were  fractionated  on  1.2%  formalde¬ 
hyde-agarose  gels  and  blotted  in  1 X  SPC  buffer  (20 
mM  Na2HP04,  2  mM  CDTA,  pH  6.8)  onto  Hy- 
bond  N  membranes  (Amersham,  Piscataway.  NJ). 
The  probes  were  labeled  using  the  Random  primer 
labeling  system  (Life  Technologies,  Gaithersburg, 
MD)  and  purified  with  a  spin  columnlOOTE  (Clon¬ 
tech).  Filters  were  hybridized  at  68°C  with  radio¬ 
active  probes  in  a  microhybridization  incubator  for 
1-2  hr  using  Express  Hybridization  Solution  (Clon¬ 
tech),  and  washed  according  to  the  manufacturer’s 
instructions. 

Construction  of  p2lWAFt/c,PI  Sense  and  Antisense 
Expression  Vectors 

Two  primers  flanking  the  full  open  reading 
frame  of  p21WAFI/c/PI  were  designed  to  amplify  a 
530-bp  cDNA  fragment  (from  base  66-595,  Gen- 
Bank  accession  number  U03106).  A  BamHI  site 
(underlined)  was  introduced  into*  the  forward 
primer  AGGAGGATCCATGTCAGAA.  and  a 
Hindlll  site  (underlined)  was  inserted  into  the  re¬ 
verse  primer  GGACTGCAAGCTTCCTGTGG. 
The  PCR  product  was  digested  with  both  BamHI 
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and  Hindlll,  and  a  517-bp  cDNA  fragment  was 
isolated  and  subcloned  into  the  mammalian  expres¬ 
sion  vectors  pcDNA3.1(*h)  and  pcDNA3.1(— )  (In- 
vitrogen,  Carlsbad,  CA),  respectively,  and  trans¬ 
formed  into  E.  coli  DH5a  (Life  Technologies, 
Gaithersburg,  MD).  Mini-preparations  of  ampicil- 
lin-resistant  clones  were  sequenced  and  analyzed 
for  the  orientation  and  sequence  of  inserts. 

Transient  and  Stable  Transfection  of  p2lWAF"clp' 
Expression  Vectors 

Transient  transfections  were  performed  with  the 
LipofectAminePLUS™  system  (Life  Technolo¬ 
gies,  Gaithersburg,  MD).  Exponentially  growing 
cells  were  cultured  in  10-mm  dishes  for  24  hr  in 
medium  without  antibiotics  before  transfection.  A 
mixture  of  5  fig  of  plasmid,  30  p.1  of  Lipofectamine 
and  20  p.1  of  PLUS  in  6  ml  of  serum  free  medium 
was  added.  After  a  5  hr  incubation,  complete  me¬ 
dium  with  serum  was  added.  The  cells  were  incu¬ 
bated  at  37°C  for  24  hr  after  the  start  of  transfec¬ 
tion.  Cells  were  then  treated  with  or  without  NaBu 
for  24  hr  and  harvested,  and  total  RNA  was  iso¬ 
lated.  Northern  blot  analysis  was  performed  using 
p21wafucipi  and  K23  cDNA  as  probes. 

To  generate  stable  transfected  clones,  AsPC-1 
cell  were  subcultured  at  48  hr  after  transfection, 
and  G418  was  added  to  cultured  cells  at  a  final 
concentration  of  450  pg/ml.  The  cells  were  se¬ 
lected  for  over  6-8  weeks,  and  pooled  cells  of  either 
transfected  with  p21WAFIIC!PI  sense  or  p21WAF1/c,pl 
antisense  construct  were  used  for  analysis.  To  ex¬ 
amine  the  effects  of p2JWAFI/CfP/  transactivation  on 
K23  mRNA  induction  by  NaBu,  pooled  AsPC-1 
cells  stably  transfected  with  either  p21WAFI/CIPI 
sense  or  antisense  vector  were  treated  with  NaBu 
for  24  hr.  For  controls,  AsPC-1  cells  similarly  trans¬ 
fected  with  PcDNA3.1(+)  were  used. 

RESULTS 

NaBu  Induced  Differentiation  and  Apoptosis  in 
AsPC-1  Cells 

Treatment  of  AsPC-1  cells  with  NaBu  induced 
differentiation.  NaBu  at  concentrations  as  low  as 
0.2  mM  produced  elongated  cells  with  multiple 
filamentous  protrusions  characteristic  of  cells  un¬ 
dergoing  differentiation.  The  morphologic 
changes  were  associated  with  increased  expres¬ 
sion  of  alkaline  phosphatase,  a  well-known  dif¬ 
ferentiation  marker.  The  morphology  change 
could  be  observed  at  about  24  hr  after  treatment 
with  0.2  mM  NaBu,  and  tended  to  occur  earlier 


with  increasing  doses  of  NaBu.  Cell  cycle  analy¬ 
sis  using  flow  cytometry  indicated  that  there  was 
a  G1  as  well  as  G2-M  block  associated  with  NaBu 
treatment.  A  substantial  fraction  of  the  sub-Gl 
population  was  detected  when  treated  with  con¬ 
centrations  of  NaBu  of  2  mM  or  higher  for  48  hr, 
suggesting  induction  of  apoptosis  in  these  cells. 
Apoptosis  induction  in  the  presence  of  higher 
concentrations  of  NaBu  (e.g.,  above  2  mM)  was 
confirmed  by  detecting  the  formation  of  DNA 
ladders  in  these  cells,  and  most  of  the  apoptotic 
cells  were  found  in  the  detached  cell  population. 

(data  not  shown).  The  changes  in  cell  morphol¬ 
ogy  and  the  expression  of  alkaline  phosphatase 
mRNA  expression  associated  with  NaBu  treat¬ 
ment  are  shown  in  Figure  1.  Based  on  the  above  FI 
observation,  we  concluded  that  treatment  of 
AsPC-1  cells  with  a  concentration  of  1  mM  NaBu 
resulted  in  cells  undergoing  a  differentiation 
phenotype,  whereas  increased  NaBu  concentra¬ 
tions  resulted  in  a  significant  increase  in  the 
number  of  cells  undergoing  apoptosis. 

Identification  and  Cloning  of  a  Novel  Transcript 
Induced  by  NaBu 

In  an  attempt  to  identify  genes  with  altered 
expression  as  a  result  of  NaBu  treatment,  two  sub¬ 
tracted  cDNA  libraries  highly  enriched  for  NaBu 
either  up-  or  down-regulated  genes  were  con¬ 
structed  using  the  SSH  (Suppression  Subtraction 
Hybridization)-based  technique  (Diatchenko  et  al., 

1996).  This  previously  led  to  the  identification  of 
CTNNAL1 ,  a  gene  with  high  homology  to  a-catenin 
that  was  down-regulated  by  NaBu  (Zhang  et  al., 

1998).  The  cells  used  for  the  construction  of  the 
subtracted  cDNA  libraries  were  derived  from  con¬ 
trol  cells  and  cells  treated  with  1  mM  NaBu  for  24 
hr,  a  time  and  dose  that  induce  the  differentiation 
phenotype  with  limited  apoptosis.  The  clones  from 
the  subtracted  cDNA  libraries  were  arrayed  onto 
nylon  filters  and  further  screened  by  Reverse 
Northern  hybridization.  Figure  2  shows  matched  F2 
parts  of  duplicated  array  filters  hybridized  with 
forward  and  reverse  subtracted  cDNA  probes,  re¬ 
spectively.  There  are  eight  clones  (marked  with 
arrows)  that  were  significantly  increased  in  expres¬ 
sion  upon  NaBu  treatment. 

Sequence  analysis  indicated  that  six  clones  were 
homologous  to  known  human  genes,  including 
IGF  BP-3  (1A,  2B),  tissue  transglutaminase  (IB), 
Alkaline  phosphatase  (4B),  GADD45  (5E),  and 
IGF  BP- 1  (1G).  The  remaining  two  clones  (3  G,  3F) 
represent  novel  transcripts  that  have  no  matches  in 
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Figure  1.  NaBu-induced  morphological  changes  and  alkaline  phos¬ 
phatase  mRNA  expression.  AsPC- 1  monolayers  (50%  confluency)  were 
exposed  to  various  concentrations  of  NaBu  for  different  periods  of 
time,  and  the  cells  were  then  assessed  for  morphology  changes  with  a 
phase  contrast  lens  using  an  inverted  microscope.  Shown  here  are  the 
control  AsPC-1  cells  and  those  treated  with  I  mM  NaBu  for  24  hr.  For 
analysis  of  alkaline  phosphatase  mRNA  expression,  total  RNA  from 
NaBu  treated  AsPC-1  cells  was  prepared  and  used  for  Northern  blot 
analysis.  The  probe  for  alkaline  phosphatase  was  the  cDNA  fragment 
derived  from  the  same  subtracted  cDNA  library  as  K23  (Clone  4B  in 
Fig.  2).  ALP,  alkaline  phosphatase.  The  same  blot  was  stripped  and 
rehybridized  with  a  GAPDH  probe  to  demonstrate  even  loading  of  RNA 
samples. 


the  “Nr”  database.  Clone  3G  is  of  particular  inter¬ 
est  in  that  it  is  the  most  highly  induced.  Sequenc¬ 
ing  revealed  that  clone  3G  had  an  insert  of  473  bp 
with  a  short  poly-A  tail  and  also  a  putative  poly-A 
adenylation  signal  (AATAAA),  suggesting  that  this 
sequence  may  have  been  derived  from  the  3'  end 
of  an  mRNA.  Searching  of  the  NCBFs  nucleotide 
database  revealed  no  hits  in  “Nr”  by  BLASTIN, 
but  several  highly  matched  ESTs  from  the  EST 
database.  We  first  attempted  to  assemble  the 
matching  ESTs  from  the  database  using  the  Se¬ 
quencer  3.1  program,  but  this  work  did  not  gen¬ 
erate  a  reasonable  open  reading  frame.  We  there¬ 
fore  performed  V  R ACE. min nrimers  based  on 
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Figure  2.  Screening  of  arrayed  cDNA  clones  with  Reverse  North¬ 
ern  hybridization.  Colony  PCR  products  of  190  individual  clones  from 
the  forward-subtracted  cDNA  libraries  were  arrayed  onto  nylon  filters 
In  duplicates  and  used  for  hybridization  as  described  in  Materials  and 
Methods.  The  cDNA  probes  from  forward  subtracted  library  (enriched 
for  NaBu  up-regulated  transcripts)  is  designated  as  NaBu(+)  and  that 
from  reverse  subtracted  cDNA  probes  as  NaBu(— ).  Shown  in  the 
figure  is  part  of  the  matched  duplicated  filters  hybridized  with  NaBu(+ ) 
and  NaBu(-)  probes,  respectively.  The  clones  marked  with  arrows 
correspond  the  cDNA  clones  with  increased  expression  upon  NaBu 
treatment. 


the  cDNA  sequence  obtained.  A  RACE  product  of 
1.2  kb  was  cloned  and  fully  sequenced. 

K23,  an  Intermediate  Filament  Protein,  is  a  New 
Member  of  Type  I  Keratin 

A  1.62  kb  mRNA  sequence  was  obtained  based 
on  sequencing  of  the  RACE  product  as  well  as  the 
original  cDNA.  The  cDNA  and  predicted  amino- 
acid  sequences  are  presented  in  Figure  3.  The 
cDNA  contained  a  1269  bp  open  reading  frame, 
that  could  code  for  a  protein  of  422  a.a.  that  would 
have  a  predicted  molecular  mass  of  48  kd  and  a  PI 
of  6.01.  Protein  motif  analysis  using  MOTIF  finder 
(http://www.motif.genome.ad.jp)  revealed  the 
presence  of  several  domains,  most  significantly  an 
intermediate  filament  protein  signature  sequence, 
ITTYRRLLE .  Probability  analysis  of  the  conforma¬ 
tion  of  this  protein  showed  long  regions  with  a-he- 
lical  character.  The  central  rod  domain  consists  of  a 
seven  residue  heptated  repeat  capable  of  forming  a 
coiled-coil  conformation.  The  a-helical  rod  domain 
consisting  of  309  a.a.  is  boxed  in  Figure  3.  Se¬ 
quence  comparison  with  protein  sequences  in  the 
NCBI  database  showed  significant  sequence  ho¬ 
mology  to  all  the  type  I  keratins  within  the  a-he- 
lical  rod  domain.  No  significant  homology  was 
found  between  this  putative  protein  and  type  II 
keratins  (data  not  shown).  Based  on  the  sequence 
similarity  and  structural  conservation,  this  protein 
is  named  K23  (for  KRT23y  type  I  keratin  23).  The 
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;DNA  sequence  for  K23  has  been  deposited  in 
3enBank  (accession  number  AF 102848). 

The  sequence  alignment  of  K23  with  known 
human  type  I  keratins  including  K20.  K19,  K18,  K17, 
K16,  K15,  K14,  K13,  and  K12  was  performed  using 
the  MegAlign  program  (DNAstar,  Inc.,  Madison, 
WI)  and  is  shown  in  Figure  4.  K10  was  not  included 
in  this  figure  because  of  its  long  tail  domain.  The 


Fieure  3.  Full  nucleotide  sequence  and  deduced 
amino-acid  sequence  of  human  K23.  The  nucleot.de 
sequence  Is  numbered  on  the  right  and  the  am.no- 
acid  sequence  is  numbered  on  the  left  The  K2J 
cDNA  contains  a  1269  bp  open  reading  frame  en¬ 
coding  a  422  amino-add  protein.  The  boxed  se 
quence  containing  309  amino  acid  residues  corre¬ 
sponds  to  the  predicted  a-helical  rod  domain.  A 
putative  leucine  zipper  motif  is  underlined.  The 

intermediate  filament  signature  sequence  was  iden¬ 
tified  at  amino-acid  residues  368-376  and  is  shaded. 
The  poly-A  adenylation  signal  Is  underlined  and 
shaded. 


tail  domain  of  K10,  that  is  rich  in  glycine  and  serine 
residues,  would  introduce  a  long  gap  in  the  align¬ 
ment.  The  sequence  conservation  was  observed 
mainly  in  the  coiled  coil  domain,  with  sequence 
identity  of  41-46%  and  similarity  of  60-66%.  Ihe 
sequence  identity  among  all  the  previously  known 
type  I  keratins  ranged  from  50-97%.  As  observed 
in  other  type  I  keratins,  two  short  interruptions 
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were  found  within  the  rod  domain  of  K23  demar¬ 
cating  subcoiled-coil  domains  la,  lb,  and  2.  The 
three  subcoiled-coil  domains  are  indicated  by 
flanking  horizontal  arrows.  The  amino  acid  resi¬ 
dues  that  are  conserved  in  K23  as  well  as  in  known 
keratins  are  shown  on  the  top  of  each  alignment 
block.  The  amino-acid  residues  that  are  conserved 
in  known  keratins,  but  that  are  distinct  in  K23,  are 
underlined  for  each  specific  residue  in  K23. 

Characterization  of  K23  mRNA  Induction  by  NaBu 

Based  on  Reverse  Northern  hybridization,  the 
K23  mRNA  was  highly  induced  in  response  to 
NaBu  (Fig.  2).  This  result  was  confirmed  by  North- 
F5  ern  blot  analysis.  The  data  shown  in  Figure  5 

indicates  that  the  untreated  AsPC-1  cells  express 
basal  levels  of  K23  mRNA  as  a  single  1.7  kb  tran¬ 
script.  This  is  in  agreement  with  the  size  of  the 
cDNA  we  cloned.  Expression  of  K23  mRNA  was 
highly  induced  by  treatment  with  1.0  mM  NaBu. 
An  increase  in  the  level  of  the  K23  transcript  first 
appeared  around  6  hr,  reached  a  maximal  level  by 
24  hr,  and  remained  at  an  elevated  level  for  up  to 
48  hr.  A  quantitative  analysis  of  the  K23  transcript 
is  also  shown.  A  nearly  20-fold  increase  in  K23 
mRNA  message  was  achieved  by  24  hr. 

Expression  of  K23  and  Its  Induction  by  NaBu  in 
Pancreatic  Cancer  Cell  Lines 

Further  analysis  of  K23  mRNA  expression  in 
AsPC-1  cells  treated  with  various  doses  of  NaBu 
indicated  that  significant  induction  could  be  de- 
F6  tected  at  concentrations  as  low  as  0.2  mM  (Fig.  6A). 

NaBu  has  been  shown  to  induce  differentiation  in 
a  variety  of  in  vitro  cultured  cell  lines,  including 
pancreatic  cancer  cells.  The  cellular  response  to 
NaBu  treatment,  however,  can  be  very  different  in 
cells  of  different  tissues,  or  even  in  different  cell 
lines  derived  from  the  same  tissue.  To  examine 
whether  induction  of  K23  mRNA  by  NaBu  was 
limited  to  this  particular  cell  line,  we  have  com¬ 
pared  the  expression  of  K23  mRNA  with  and  with¬ 
out  NaBu  treatment  in  AsPC-1  (Fig.  6A)  and  3 
additional  pancreatic  adenocarcinoma  cell  lines,  in¬ 
cluding  BxPC-3  (Fig.  6B),  Capan-1  (Fig.  6C)  and 
Su.86.86  (Fig.  6D).  The  result  indicated  that  all  4 
cell  lines  express  basal  levels  of  K23  mRNA,  and 
that  the  expression  was  significantly  induced  by 
treatment  with  NaBu.  AsPC-1  cells  showed  the 
greatest  induction,  followed  by  SU.86.86,  BxPC-3, 
and  Capan-1.  These  data  indicate  that  the  induc¬ 
tion  of  K23  mRNA  by  NaBu  is  a  general  phenom¬ 


enon,  that  could  involve  the  same  signaling  path¬ 
way. 

Induction  of  K23  Expression  Is  the  Result  of 
Histone  Hyperacetylation 

Consistent  induction  of  K23  mRNA  by  NaBu  led 
us  to  investigate  the  signaling  pathway  involved  in 
the  induction  process.  NaBu  is  a  well-known  gen¬ 
eral  histone  deacetylase  inhibitor,  that  may  result 
in  histone  hyperacetylation,  a  process  now  known 
to  turn  on  the  transcription  of  specific  genes.  We 
decided  to  test  whether  the  induction  of  K23  was 
due  to  an  effect  on  histone  acetylation.  TSA,  a 
chemical  that  is  structurally  distinct  from  NaBu,  is 
a  potent  and  specific  histone  deacetylase  inhibitor. 

TSA  has  also  been  shown  to  cause  growth  arrest 
and  differentiation  of  various  cell  types.  We  exam¬ 
ined  the  effect  of  TSA  on  K23  mRNA  expression 
in  the  AsPC-1  and  Su.86.86  cell  lines.  The  result 
shown  in  Figure  7  demonstrates  that  0.30  jiM  TSA,  F7 
a  concentration  known  to  cause  specific  histone 
hyperacetylation,  efficiently  induced  K23  mRNA 
expression  in  both  cell  lines  tested.  The  kinetics 
and  extent  of  induction  were  comparable  to  those 
of  NaBu.  To  investigate  whether  oxidative  stress  or 
DNA  demethylation  could  also  result  in  the  induc¬ 
tion  of  K23y  we  examined  the  effect  of  paraquat 
and  5-AC  on  K23  mRNA  expression.  Neither  re¬ 
agent,  however,  could  induce  the  expression  of  K23 
mRNA  (data  not  shown).  These  results  suggest 
that  induction  of  K23  mRNA  by  NaBu  is  due 
mainly  to  histone  hyperacetylation. 

To  investigate  whether  K23  mRNA  induction  by 
either  TSA  or  NaBu  was  due  to  an  increase  in  the 
rate  of  mRNA  synthesis  or  an  enhancement  of  its 
stability,  the  transcriptional  inhibitor  ACD  was 
used.  Although  induction  of  K23  mRNA  was  highly 
induced  by  either  TSA  or  NaBu,  addition  of  4  pM 
ACD  completely  abolished  the  induction  process, 
suggesting  that  NaBu  caused  an  increase  in  K23 
expression  by  stimulating  the  rate  of  its  mRNA 
transcription  (Fig.  8A).  Similar  results  were  ob-  F8 
tained  for  CHX,  that  also  efficiently  blocked  the 
induction  of  K23  mRNA,  suggesting  that  de  novo 
protein  synthesis  is  also  necessary  for  this  inducuon 
(Fig.  8B). 

p2lwAFiictpi  As  a  Main  Mediator  in  K23  mRNA 
Induction  by  NaBu 

The  induction  of  p21WAF"ctP1  is  associated  with 
butyrate-mediated  growth  inhibition  in  the  colo¬ 
rectal  cancer  cell  line  HT-29  (Archer  et  al.,  1998). 
Induction  of  p21WAF1,clpI  by  NaBu  and  TSA  is  not 
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blocked  by  the  protein  synthesis  inhibitor  cyclo- 
heximide,  indicating  that p21 [VAF/IC/P/  Was  induced 
by  these  chemicals  as  an  immediate-early  gene.  We 
obtained  similar  results  in  each  of  the  pancreatic 
cancer  cell  lines  tested  including  AsPC-1,  BxPC-3, 
MIA,  Su.86.86,  PANC-1  and  Capan-1  (data  not 
shown).  Although  the  level  of p2lWAF//clP1  mRNA 
after  NaBu  treatment  was  higher  in  BxPC-3  and 
Su.86.86,  significant  induction  of  p?IWAFI/c/F1  by 
NaBu  was  also  observed  in  all  other  cell  lines, 
including  MIA,  in  which  the  basal  level  of 
p2jWAFuciPi  was  barely  detectable  by 

Northern  blot  hybridization.  These  results  sug¬ 
gested  that  p2JWAF1/CIP1  mRNA  induction  by 
NaBu  is  a  common  feature  in  pancreatic  cancer 
cells.  Because  induction  of  K23  mRNA  by  NaBu  or 
TSA  is  a  late  event,  induction  of  both  p2lWAFI/CIPI 
and  K23  is  mediated  through  histone  hyperacety¬ 
lation.  We  wondered  whether  transactivation  of 
p2f\VAFiiciPi  was  invoivec|  \n  £ 23  mRNA  induction 
by  NaBu.  To  test  this,  an  antisense  p21WAF1/CIP1 
expression  vector  was  transiently  transfected  into 
AsPC-1  cells,  and  the  cells  were  treated  with 
F9  NaBu.  As  shown  in  Figure  9,  transfection  of 

p21  wafi/c/pj  antisense  was  associated  with  a  signif¬ 
icant  down-regulation  of  wild-type  p2JWAF1/CJPI 
mRNA  expression.  The  induction  of  &?JmRNA 
was  efficiently  blocked  by  expression  of p21WAFIJCIPl 
antisense  cDNA,  whereas  in  non-transfected  con¬ 
trol  cells  and  cells  transfected  with  a  control  vector, 
K23  remained  highly  induced  by  NaBu.  Therefore, 
p2/WAFllC!PI  seems  to  be  a  key  mediator  in  the 
process  of  K23  mRNA  induction  by  histone 
deacetylation. 

K23  mRNA  Expression  Is  Increased  in  AsPC-1  Cell 
Overexpressing  p2lWAF'/CIP‘ 

To  examine  further  the  relationship  between 
p2 j^afucipi  expression  ancj  £23  induction  by 
NaBu,  we  generated  AsPC-1  cell  lines  stably  trans¬ 
fected  with  either  p2lWAFI/C!P1  sense  expression 


Figure  4.  Comparison  of  the  amino-acid  sequence  of  K23  to  those 
of  known  keratins  The  accession  numbers  for  protein  sequences  used 
in  the  analysis  are  AFI02848  (K23),  P3S900  (K20).  P08727  (KI9), 
P05783  (K/8).  Q 04695  (K/7).  JC43I3  (KI6),  PI90I2  (K/5).  P02533 
(K/4).  PI3646  (KI3),  and  Q99456  (K / 2).  The  amino-acid  sequence  is 
numbered  on  the  right,  and  the  name  of  each  gene  is  shown  on  the  left 
Multiple  alignment  was  performed  using  MegAlign  (DNAstar  Inc,  Her¬ 
cules,  CA)  by  the  CLUSTAL  method.  The  amino-acid  residues  that  are 
conserved  in  at  least  two  out  of  six  candidate  sequences  are  shaded. 
The  position  of  the  coiled-coil  subdomains  are  designated  C I  a,  C I  b  and 
C2  (arrows).  The  amino  acid  residues  conserved  in  all  proteins  are 
shown  on  the  top  of  the  alignment.  Each  amino  acid  residue  that  is 
rnrKprvprl  in  known  kemrins  Mrenr  in  K21  is  underlined. 


vectors  [p21(S)I,  or  a p21WAF1/CIP1  antisense  expres¬ 
sion  vector  [p21(AS)].  Pooled  cells  containing 
about  60  individual  clones  with  p21(S)  and  more 
than  100  clones  with  p21(AS)  were  used  for  our 
analysis.  Overexpression  of  p21(S)  is  not  compati¬ 
ble  with  cell  growth.  We  observed  that  the  dou¬ 
bling  time  of  p21(S)  cells  was  65  hr,  as  compared  to 
that  of  35  hr  for  p21(AS)  cells  under  the  same 
culture  conditions.  A  fraction  of  cells  with  a  differ¬ 
entiated  morphology  characterized  by  the  presence 
of  multiple  thin  filamentous  protrusions  was  con¬ 
stantly  observed  in  p21(S)  cells.  This  morphology 
was  similar  to  that  observed  in  NaBu  treated  cells, 
although  the  latter  showed  a  more  uniform  change 
with  longer  and  bigger  membranous  protrusions.  In 
addition,  a  significant  number  of  cells  kept  detach¬ 
ing  from  the  culture  monolayer,  and  these  cells 
were  found  to  be  undergoing  apoptosis  as  deter¬ 
mined  by  the  presence  of  DNA  fragmentation.  In 
the  p21(AS)  cells,  we  did  not  observe  a  significant 
difference  from  the  parent  cells  in  terms  of  mor¬ 
phology  or  growth  rate.  These  results  suggested 
that  over-expression  of  p2JWAFI/CIP/  is  associated 
with  a  more  differentiated  phenotype  and  in¬ 
creased  apoptosis  in  AsPC-1  cells.  These  effects 
overlap  to  some  extent  that  of  NaBu  treatment.  We 
then  examined  K23  expression  in  p21(S)  and 
p21(AS)  cells  with  and  without  NaBu  treatment. 

The  result  presented  in  Figure  10  indicates  that  Fio 
p21(S)  cells  expressed  a  much  higher  basal  level  of 
K23  mRNA  than  did  p21(AS)  cells.  NaBu  at  0.2 
and  2  mM  further  induced  K23  mRNA  expression 
in  p2 1  (S)  cells.  In  p21(AS)  cells,  however,  induc¬ 
tion  of  K23  was  observed  only  at  2-mM,  with  no 
obvious  increase  at  0.2  mM  of  NaBu,  whereas  a 
significant  increase(70%)  in  K23  mRNA  was  ob¬ 
served  after  treatment  with  0.2  mM  NaBu  in  non- 
transfected  AsPC-1  (Fig.6A).  These  data  suggest 
an  important  role  of  p2lv,AFltclP1  in  both  basal- 
level  expression  and  induction  of  K23  mRNA  by 
NaBu. 

DISCUSSION 

In  the  present  paper,  we  report  on  the  identifi¬ 
cation,  cloning,  and  characterization  of  K23>  a  novel 
member  of  the  keratin  family,  that  is  highly  in¬ 
duced  by  NaBu  during  the  differentiation  process 
of  pancreatic  cancer  cells. 

Keratins  are  a  family  of  intermediate-filament 
proteins  consisting  of  two  subclasses  based  on  their 
charges  and  sequence  homologies,  the  acidic  type  I 
keratins  and  neutral  to  basic  type  II  keratins 
(Fuchs  and  Weber,  1994).  An  interesting  feature  of 
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Figure  5.  Time-course  of  K23  mRNA  induction  by  NaBu.  AsPC-l 
monolayers  (60-80%)  were  exposed  to  1.0  mM  NaBu  for  the  time 
period  indicated  in  the  figure.  RNA  was  isolated,  and  Northern  blot 
analysis  was  performed  using  K23  cDNA  as  probe  (A)  as  described  in 
Materials  and  Methods.  AJso  included  in  this  figure  is  an  ethidium 
bromide-stained  gel  of  28S  RNA  to  control  for  the  loading  in  different 
samples.  The  hybridization  signals  were  quantitated  using  Bio-Rad  Image 
Analysis  System  (Bio-Rad  Corp,  Hercules.  CA).  Values  for  K23  were 
normalized  to  28S  RNA  and  expressed  relative  to  the  control.  The 
relative  value  of  each  band  was  used  to  construct  the  histogram  (B). 


keratins  is  that  they  form  a  10-nm  intermediate 
filament  network  of  epithelial  cells  by  the  obliga¬ 
tory  association  of  equimolar  amounts  of  type  I  and 
type  II  keratins  (Coulombe  and  Fuchs,  1990;  Stew¬ 
art,  1993).  Despite  the  great  divergence  in  the  head 
and  tail  sequences,  the  central  a-  helical  rod  do¬ 
main  is  highly  conserved  among  each  group  of 
keratins.  The  homology  to  K23  was  also  identified 
in  this  region  (Fig.  4).  Among  the  95  conserved  a. a. 
residues  found  in  known  type  I  keratins,  84%  (80 
out  of  95)  are  conserved  in  K23,  whereas  the  re¬ 
maining  15  amino  acid  residues  represent  consen¬ 
sus  substitutions  (e.g.,  R  by  K,  E  by  D,  \  by  S).  It 


is  not  surprising  to  find  that,  among  all  the  residues 
fully  conserved,  most  are  lipid  amino  acids  (e.g., 

L  =  20  and  I  =  6)  and  charged  amino  acids  (e.g., 

E  =  13,  D  =  6,  R  =  6,  K  =  5),  because  these  are 
important  in  determining  the  coiled-coil  structure 
and  charge  characteristic  important  for  keratin  to 
form  a  functional  fiber  network.  The  above  six 
amino  acids  account  for  70%  (56  of  80)  of  the 
consensus  residues  among  type  I  keratins,  includ¬ 
ing  K23.  The  above  analysis  suggested  that  these 
highly  conserved  residues  may  be  critical  in  main¬ 
taining  the  functional  integrity  of  keratins. 

Despite  the  high  similarity  in  the  rod  domain, 
the  head  and  tail  regions  showed  greater  diver¬ 
gence  in  sequence  composition  and  length.  K23 
does  not  have  repeats  of  the  tetrapeptide  motif 
XXXZ  found  in  the  head  domain  of  most  of  other 
keratins.  X  is  one  of  the  two  small  amino  acids, 
glycine  and  serine,  and  Z  is  an  aromatic  residue 
(phenylalanine  or  tyrosine).  K23  also  does  not  have 
a  heptapeptide  motif  similar  to  the  consensus  se¬ 
quence  DGKI/V  VST/E  that  has  been  identified 
near  the  carboxyl  termini  of  K20,  K18 ,  K17 ,  K15 , 
and  K14.  K23  has  5  serine  residues  in  its  tail  do¬ 
main  as  compared  to  2  in  A/  7  and  A 19 y  3  in  K20 ,  4 
in  K18, 1  in  A/2,  8  in  A/5,  12  in  K13  and  K14 ,  and 
20  in  A/5.  In  contrast,  KIO  has  as  many  as  40  serine 
residues  in  its  tail  (not  shown).  The  presence  of 
serine-rich  residues  in  the  rod  tail  is  typical  for 
simple  epithelium-type  keratins.  K23  is  also  differ¬ 
ent  from  other  known  keratins  in  that  it  has  a  lower 
sequence  identity  (42-46%  as  compared  to  50- 
97%  among  all  the  previously  known  keratins). 
Based  on  the  protein  sequence  similarity,  a  con¬ 
served  exon/intron  structure,  and  the  fact  that  all 
the  keratins  are  located  in  compact  clusters  within 
the  human  genome,  it  has  been  proposed  that  all 
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Figure  6.  Effect  of  NaBu  on  K23  mRNA  expression  in  d'ff®re£ 
cel!  lines.  (A)  AsPC- 1  cells  were  treated  with  0,  0.2. 0.S  and  2.0  mM 
NaBu  for  24  hr;  1 5  pig  of  total  RNA  was  applied  for  Nortfiemblot 
analysis  and  hybridized  with  the  full-length  K23  cDNA.  (B-D) 
Correspond  to  Su.86.86,  BxPC-3.  and  Capan-l  cells  treated  with  0. 
0.5. 2.0;  and  5.0  mM  NaBu  for  24  hr.  1 5  pig  of  total  RNAs  was  then 
applied  for  Northern  blot  analysis,  and  the  membranes  were  hy¬ 
bridized  with  the  K23  cDNA.  The  ethidium  bromide-stained  RNA 

in  oarh  lane  of  the  eel. 


K23  INDUCTION  BY  HISTONE  DEACETYLASE  INHIBITORS 


II 


A  0  0.3  0.8  1.2<uM)  TSA 

m  m  «i  Kaa 

msxm a  18$ 


0  6  24  48<hr)TSA 


B 


0  0.3  0.6  1.2(uM)  TSA 

18S 


24  48(hri  TSA 

I 

i  K23 


fi21(A$)  pcDNA3.1  control 

-  +  -  +  -  +  NaBu 


>p21(AS) 


Figure  7.  Induction  of  K23  mRNA  expression  by  TSA.  (A,  left) 
Dose  response  of  K23  mRNA  induction  by  TSA.  AsPC-l  cells  were 
treated  with  various  concentrations  of  TSA  indicated  for  24  hr,  and  K23 
mRNA  expression  was  examined  by  Northern  blot  analysis  using  K23 
and  GAPDH  cDNAs  as  probes.  (A,  right):  Time  course  of  K23  mRNA 
induction  by  TSA.  AsPC-l  cells  were  treated  with  0.3  p.M  TSA  for 
varying  lengths  of  time  from  0  to  48  hr,  and  induction  of  K23  mRNA 
expression  was  examined  by  Northern  blot  analysis.  (B)  Similar  dose 
response  and  time  course  of  K23  mRNA  induction  by  TSA  in  Su.86.86 
cells.  Ethidium  bromide  stained  RNAgel  corresponding  to  I8S  RNA  is 
shown  for  each  blot  not  hybridized  with  GAPDH  to  indicate  the  RNA 
loading. 


Figure  9.  Expression  of  antisense  p2fWAF,,aPi  RNA  inhibits  K23 
mRNA  induction  by  NaBu.  The  antisense  p2l WAFuapl  expression  vec¬ 
tor  was  constructed  and  transiently  transfected  into  AsPC-l  cells  (see 
Materials  and  Methods).  Twenty-four  hours  later,  cells  were  subjected 
to  treatment  with  2  mM  NaBu  for  24  hr.  Fifteen  jxg  of  total  RNA  was 
then  loaded  onto  gels  for  Northern  blot  analysis  using  p2lWAj:i,CIPIl  K23, 
and  GAPDH  cDNAs  as  probes.  As  a  control,  AsPC-l  cells  without 
transfection  and  transiently  transfected  with  pcDNA3. 1(+)  expression 
vector  were  treated  with  2  mM  NaBu  for  24  hr,  and  RNA  was  isolated 
for  Northern  blot  analysis.  p2 1  (WT):  endogenous  wild-type 
p2JWAfl/apl  (2.1  kb);  p2l(AS):  antisense  transcript  of  p2l(0.8-kb).  Each 
figure  is  representative  of  the  results  of  three  independent  experiments. 
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Figure  8.  Effect  of  ACD  and  CHX  on  K23  expression.  (A)  AsPC-l 
monolayers  (60-80%  confluent)  were  treated  with  ACD  (4  jxM),  NaBu 
(2  mM),  and  TSA  (0.3  p.M)  alone  or  in  combination  as  indicated  in  the 
figure.  In  the  case  of  combined  treatment,  ACD  was  added  to  cell 
cultures  30  min  before  TSA  or  NaBu.  Cells  were  treated  for  24  hr 
before  preparation  of  RNA.  Total  RNA  was  extracted  and  used  for 
Northern  blot  analysis  and  hybridized  with  K23  cDNA.  (B)  AsPC*l 
monolayers  (60-80%  confluent)  were  treated  with  CHX  (35  p.M), 
NaBu  (2  mM)  and  TSA  (0.3  p,M)  alone  or  in  combination  as  indicated  in 
the  figure.  In  the  case  of  combined  treatment,  CHX  (35  fxM)  was  added 
to  cell  cultures  30  min  before  TSA  or  NaBu.  Cells  were  treated  for  24 
hr  before  the  preparation  of  RNA.  Total  RNA  was  extracted  for 
Northern  blot  analysis  and  hybridized  using  the  K23  cDNA  as  probe. 
The  matching  ethidium  bromide-stained  28S  and  18$  RNA  is  shown 
below  to  indicate  the  loading  of  RNA  samples. 


the  type  I  keratins  are  derived  from  a  common 
ancestral  gene.  Evolutionary  tree  analysis  has 
shown  that  K18  is  the  first  to  diverge  in  the  acidic 
keratin  family  (Blumenberg,  1988).  K20  and  K23, 
however,  were  not  included  in  that  analysis.  Our 
evolutionary'  analysis  using  the  MegAlign  program 
mVA  ersr  Jnr  M  ■idi<snn  IV T )  <;iiorare’(Nr<:;  rhar  K23  is 


Figure  10.  Induction  of  K23  mRNA  in  cells  stably  expressing 
p2l™Afl/CIP1 .  p2lWAfliapi  sense  and  antisense  expression  vectors  were 
transfected  into  AsPC-l  cells  and  stable  clones  were  selected  (see 
Material,  and  Methods).  Pooled  p2 1  (S)  and  p2l(AS)  cells  were  treated 
with  0,  0.2,  and  2  mM  NaBu  for  24  hr,  and  RNA  was  isolated  for 
Northern  blot  hybridization  using  p2l WAf,iaplf  K23  and  GAPDH  cDNA 
as  probes.  As  a  control,  AsPC-l  cells  were  transfected  with 
pcDNA3.l(-f)  vector. 


most  closely  related  to  A/S  and  K20  (data  not 
shown). 

NaBu  is  known  to  induce  general  histone  acet¬ 
ylation,  but,  more  specifically,  hype  race  tylation  of 
the  H3  and  H4  species  through  noncompetitive 
inhibition  of  the  histone  deacetylate  enzyme.  Hy¬ 
peracetylation  of  histones  at  lysine  residues  neu¬ 
tralizes  their  positive  charge,  thereby  disrupting 
their  ionic  interaction  with  DNA,  that  allows  tran¬ 
scription  factors  to  access  and  activate  specific 
genes.  Thus,  it  seems  that  specific  genes  are  tar¬ 
geted  for  activation  or  repression  by  the  histone- 
acetylating  or  histone-deacetylating  activities  of 
specific  transcription  factors  or  cofactors.  Our  re¬ 
sults  demonstrated  that  K23  can  be  induced  by 
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NaBu  and  also  by  TSA,  a  specific  deacecylase  in¬ 
hibitor,  but  not  by  oxidative  stress  or  a  demethyl- 
ation  agent,  suggesting  that  K23  mRNA  induction 
is  a  downstream  event  of  histone  hyperacetylation. 
A  protein  synthesis  inhibitor  abolished  the  induc¬ 
tion  process,  suggesting  that  this  induction  is  a  late 
event  that  requires  transactivation  by  other  genes. 

It  has  been  reported  that  p2  JWAF//C/F!  plays  an 
important  role  in  mediating  NaBu  effects  on 
growth  arrest  and  differentiation.  In  colon  cancer 
cells,  p21WAFliCIPl  is  absolutely  required  for  growth 
arrest  caused  by  NaBu,  and  the  induction  is  mainly 
due  to  the  effect  on  histone  acetylation,  because 
overexpression  of  HD  AC  1  largely  blocks  the  induc¬ 
tion  of  p2JWAF1(CIP/  in  reporter  constructs  by  both 
NaBu  and  TSA  (Archer  et  ah,  1998).  In  addition, 
induction  of  p2JWAFIICfP/  by  NaBu  and  TSA  can¬ 
not  be  blocked  by  the  protein  synthesis  inhibitor 
cycloheximide,  indicating  that p2JWAF1/CIP/  was  in¬ 
duced  by  these  chemicals  as  an  immediate-early 
gene. 

We  have  found  that  NaBu  induced  p2JWAFIIC/p/ 
expression  as  an  immediate  early  response  inde¬ 
pendent  of  the  p53  status  in  a  panel  of  pancreatic 
cancer  cell  lines.  This  consistent  induction  pattern 
supports  a  role  of p2JWAFIICfP/  in  mediating  NaBu- 
induced  growth  arrest  and  differentiation  in  pan¬ 
creatic  cancer  cells.  To  directly  demonstrate  a  link 
between  p2JWAFI/c/PI  expression  and  K23  induc¬ 
tion  by  NaBu,  we  constructed  mammalian  expres¬ 
sion  vectors  to  direct  the  expression  of  either 
p21(S)  or  p21(AS)  in  AsPC-1  cells.  Interestingly, 
overexpression  of  p21(S)  alone  resulted  in  changes 
in  cell  morphology  and  growth  characteristics  that 
resembled  those  induced  by  NaBu.  This  result 
further  supports  a  crucial  role  of  p21WAFI!CIPI  in 
NaBu  induced  growth  arrest  and  differentiation  in 
pancreatic  cancer  cells.  At  present,  however,  it  is 
not  known  whether  transactivation  of  K23  mRNA 
is  the  result  of  direct  interaction  with  p2JWAF1/c/P! 
or  is  the  secondary  effect  of  induction  of  differen¬ 
tiation.  We  propose  that  K23,  like  most  of  its  family 
members,  may  be  a  potential  marker  of  cell  differ¬ 
entiation. 

In  summary,  we  report  here  the  cDNA  and  pep¬ 
tide  sequences  of  K23 ,  a  novel  and  distinct  mem¬ 
ber  of  type  I  keratin  gene  family.  K23  mRNA  is 
highly  induced  in  response  to  NaBu,  that  has  been 
shown  to  induce  differentiation  in  AsPC-1  cells. 
Induction  of  K23  is  a  downstream  event  of  histone 
hyperacetylation.  We  also  demonstrated  that  the 
cyclin-dependent  kinase  inhibitor  p21^AF1,C!PI 
plays  a  critical  role  in  mediating  NaBu-induced 


growth  arrest  and  differentiation  in  pancreatic  can¬ 
cer  cells.  Its  expression  is  also  necessary  for  effi¬ 
cient  induction  of  K23  mRNA  by  histone  deacety- 
lase  inhibitors. 
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